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CHAPTER I 
 
 
INTRODUCTION 
 
 
Electrical energy storage requires a large  dielectric constant (ε′), better thermal stability, 
and a high breakdown field [1]. Maximum stored energy density of a capacitor per unit 
volume (U) is given by U= ε′ε0E2/2 where, E is the applied field and ε0 is the vacuum 
permittivity (8.854x10-12 F/m) [2]. Therefore, larger the ε′, the more charge can be stored 
leading to miniaturization of energy storage devices. Solid CaCu3Ti4O12 (CCTO) 
emerged as a lead-free dielectric material, which may be used in energy storage devices 
in the micro-electronic industries [3-5]. Cubic perovskite CCTO has a large ε′ of the 
order of 105 and 103-104 in single crystals and polycrystals, respectively, at room 
temperature (RT) [6]. Large ε′ in CCTO is stable over a wide temperature range from 100 
K to 600 K [6, 7] and in a wide range of frequencies from DC up to 1 MHz [8, 9].  
The value of dielectric loss (tan δ) is the most important parameter determining a 
dielectric material’s suitability for capacitor applications. However, CCTO has a large 
value of tan δ (~0.1), which is still larger than the acceptable values (<0.01) [10, 11] 
2 
 
for capacitor applications. Value of tan δ <0.05 over a wide frequency range is still not 
achieved for CCTO. While the breakdown fields for CCTO ceramics is reported as small as 2 
kV·cm−1 [12, 13]. 
Large ε′ in CCTO is believed to be originated by the interfacial (or space charge) polarization 
due to Barrier Layer Capacitance (BLC) effect at internal boundaries [9, 14] such as grain 
boundaries (GBs) [8, 15, 16] and/or at domain boundaries [17] in polycrystals and twin 
boundaries [18] in single crystals. Surface barrier layers between sample and electrode 
interface are also suggested as possible sources affecting the overall dielectric properties in 
CCTO [19-23]. Some studies however have demonstrated that sample electrode interface is 
not playing a dominant role in controlling the dielectric properties in CCTO [24].  
Despite the controversy on which type of internal BLC, domain or GBs play the dominant 
role is not clear, the GBs are reported to play a key role in controlling the dielectric 
properties of CCTO ceramics [25]. Although the dielectric mechanism in CCTO are not 
completely understood until now, intensive studies show strong evidences supporting the 
idea that BLC effect at GBs are the main sources of an abnormally large-ε′ in polycrystalline 
CCTO at RT [8, 9, 25-28]. According to BLC theory, CCTO microstructure is electrically 
heterogeneous with semi-conductive grains surrounded by insulating GBs [6, 7, 29]. 
Therefore, chemical change in CCTO grains and near GBs may largely affect the dielectric 
behavior of CCTO. 
Many strategies that are pursued so far on improving CCTO dielectric properties are 
therefore based on controlling the microstructure via changing the processing such as 
synthesis methods, sintering and/or post-annealing conditions, and doping. Most of the 
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research work indicated that CCTO dielectric properties can be changed by changing the 
grain size [26, 30, 31], non-stoichiometry [32, 33], Cu segregation [34, 37], and oxygen loss 
[38-40] during sintering. Doping of various cationic substitutions on either A site (Ca and 
Cu), or B site (Ti), and/or on both sites are also attempted by many. Some recent studies 
indicated the possibility of doping with Al [41, 42] or Al2O3 [43-45] to modify the CCTO 
compositions and grain size thereby enhancing the breakdown field [46-48]. Therefore, 
CCTO dielectric properties are sensitive to the sample processing conditions [24, 38, 49-54]. 
Despite the various strategies such as changes of processing and doping were carried out, 
preparation of either phase-pure or doped-CCTO materials with a very low tan δ while 
retaining its ε′ above 104-105 is challenging. Even when prepared by the same method or with 
small changes in the processing, a wide variation of tan δ and ε′ values were reported for 
CCTO ceramics. This indicates that this material is still not well characterized to find out the 
reasons for large variations in its properties. More efforts and new characterization methods 
are needed to fabricate CCTO materials with the optimized dielectric properties for use as 
capacitors in storage applications. 
Reports indicate that electrical impedance of CCTO aged in air at RT can be changed by 
moisture, oxygen absorption, or the electrode materials being used. Humidity sensitivity of 
CCTO ceramics [55, 56]and thin films [57, 58]have been recognized only by limited studies 
by two groups. Studies on humidity sensitivity of CCTO ceramics indicate that potential 
barrier layer formed at the interfaces and GBs can change the low frequency dielectric 
properties [55, 56]. Some studies reported that impedance near RT undergo a dramatic 
change when the CCTO samples were aged in air due to adsorption of oxygen on the sample 
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surface [23]. While other studies on CCTO single and polycrystalline samples indicated a 
large low frequency relaxation due to surface layers, which are sensitive to air atmosphere 
and type of electrode material being used [19, 21]. 
Therefore, moisture effect from atmospheric water and air interaction should not be over-
looked and could play a key role in controlling the dielectric properties of CCTO. Especially, 
the stability and reproducibility of dielectric properties displayed by CCTO ceramics is the 
most important concern, when they are used as capacitors. Despite these studies, to the best 
of our knowledge, no study is reported on as prepared (phase pure or doped) or thinned down 
CCTO (to eliminate surface layer effect) to clarify whether RT dielectric properties are still 
affected if measured in a moisture or oxygen free atmosphere.  
In the light of these shortcomings, current research intends to address some of the above 
discussed issues by providing a comprehensive state-of-the-art synthesis and testing 
conditions for fundamental understanding of the dielectric properties of CCTO ceramics. The 
primary objective of this study is to investigate the effect of processing and testing 
atmosphere on the stability and reproducibility of the electrical properties of CCTO. To 
accomplish this goal, the temperature dependence of impedance spectroscopy and dielectric 
properties of the pure and Al2O3-doped CCTO samples (as-prepared) are studied in both 
ambient air and in dry N2. Different sintering temperatures and Al2O3 doping can provide 
different CCTO microstructures, densities, and defects, which can respond differently to 
ambient conditions as well. Complex impedance of the CCTO ceramics (pure and alumina 
doped) prepared at various sintering temperatures are investigated in different atmospheres 
between 23°C and 225°C. In order to investigate effect of various testing atmospheres on the 
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surface or GB barrier layer effect, thickness dependent impedance measurements were also 
done by removing the surface layers. 
Complex impedance spectroscopy and associated modeling are used to describe dielectric 
properties including the effect of testing conditions of CCTO ceramics. To optimize the 
powder processing and sample preparation conditions, pure and alumina doped CCTO 
calcined powders and sintered samples were further analyzed using characterization 
techniques such as TGA, X-ray diffraction (XRD), optical micrographs, Raman 
spectroscopy, Scanning Electron Microscopy (SEM), and density measurements. These 
results are analyzed, presented, and discussed. 
The new findings from study indicated that dielectric properties of CCTO ceramics are not 
only sensitive to sample processing conditions but also on surrounding atmosphere. We 
report that sample processing and testing atmospheres may control the charge carriers at 
CCTO GBs. Therefore, overall dielectric properties of CCTO ceramic are affected by the 
resistance and capacitance of GB, which in turn can explain the important roles of 
surrounding atmosphere and sample preparation conditions on the stability of electrical 
response of polycrystalline CCTO ceramics, which have not been reported in this field of 
study. Comparative dielectric properties of as-prepared (pure and alumina doped) and 
thinned down CCTO samples measured in two different test environments (air and dry N2) of 
this study can be used as a guide lines for developing CCTO for possible capacitor 
applications.  
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CHAPTER II 
 
 
LITERATURE REVIEW 
 
 
2.1 Theory of Dielectric Materials for Energy Storage Capacitors 
Consider a parallel plate capacitor filled with vacuum under the application of direct 
current (DC). The capacitance (C0) of a capacitor depends on the conductive plates of 
area (A) and the separation between the plates (d) as can be seen by equation 2.1. 
C0 =
Aε0
d
    (2.1) 
Where, ε0 is the vacuum permittivity. If an alternating current (ac) voltage is applied 
between the conducting plates of the capacitor, a charging current results (IC), which 
leads the applied ac voltage by 90°. Dielectric materials can be defined as materials with 
high electrical resistivity that can store electrical energy in the form of electrostatic 
charge in the devices.  When a dielectric material is placed between the conducting 
plates, the capacitance (C) of the capacitor is increased by a factor εr as given by equation 
2.2, where, εr is the dielectric constant or the relative permittivity of the material.  
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Materials with a high dielectric constant have a strong ability to become polarized, which 
is the displacement of a charge in relation to an electric field. 
C =
Aε0εr
d
= C0εr   (2.2) 
Under an external force produced by the ac electric field, atoms or molecules in the 
dielectric material tends to become oriented from its original equilibrium state to a new 
equilibrium state in a way that it opposes the external electric field. This is called charge 
displacement or polarization.  
When an alternating current is applies (AC) as shown in Figure 2.1, the resulting current 
is no longer 90° and is made up of a charging current (IC) and a loss current (IR), 
respectively. Therefore, resultant current leads the applied voltage by rather 90-δ, where 
the value of δ is the loss angle, which indicates the phase lag between charging and loss 
current. 
 
Figure 2.1. (a) A dielectric material between two parallel plates of a capacitor in an 
alternating electric field, (b) equivalent circuit and (c) phasor diagram for clarity. 
[https://slideplayer.com/slide/3431672].   
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For such a lossy (imperfect) dielectric material, the relative permittivity can be 
represented by a complex number (ε*) as can be seen in equation 2.3 [50, 59, 60]. 
εr = ε
∗ = ε′ − jε′′    (2.3) 
Where, the real part (ε') is the relative permittivity (or dielectric constant), which 
represents the energy storage capabilities while the imaginary part (ε'') is the loss factor 
(or dissipation factor), which signifies the energy lost from the electric field and absorbed 
energy of the dielectric material in the form of heat.  
At the microscopic level, several dielectric mechanisms can contribute to the charge 
displacement. They are interfacial, dipolar, ionic, and electronic polarization as shown in 
Figure 2.2. Electronic polarization occurs when electrons are displaced relative to the 
nucleus. Only the low mass bodies of the electrons can polarize at very high frequency 
electric fields, so they are seen in high frequencies. Ionic polarization occurs when 
cations and anions are displaced relative to each other while dipole orientation 
polarization occurs when permanent dipoles are aligned opposing to the applied ac field. 
Orientation of ions and permanent dipoles move slowly and can only be polarized at 
moderate frequencies of the applied electric fields. Space charge or interfacial 
polarization is the separation of charge at boundaries such as interfaces and /or grain 
boundaries. Space charge separation is too slow and therefore occur at very low 
frequencies of the applied electric field.  
The time needed for a specific polarization to occur is termed as the relaxation time (τ). 
Therefore, orientation of dipoles of in an electric field is determined by the relaxation 
time, which is varied depending on the type of dielectric material and its polarizability. 
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Therefore, the relative permittivity of the material placed in a capacitor under an ac 
electric field depends strongly on the frequency of the alternating electric field. As shown 
in Figure 2.2, starting from low frequencies, the real part (ε') decreases in steps 
corresponding to a certain type of molecular movement and every time a peak in the 
imaginary part (ε'') is encountered. This reduction of ε' is the dielectric relaxation or 
dispersion.  
When dielectric relaxation occurs, dielectric material absorbs the energy from the applied 
electric field and dissipates as a heat. This can result a maximum (peaks) in the dielectric 
loss ε'' verses frequency as can be seen in Figure 2.2. At very high frequencies, the dipole 
moments are not able to orient fast enough to keep in alignment with the applied field and 
each polarization mechanism cease to contribute resulting a reduced total ε'.  
 
Figure  2.2. The frequency dependence of the real (ε') and (b) imaginary (ε'') parts of the 
complex permittivity in the presence of interfacial, orientational, ionic, and electronic 
polarization mechanisms [61].  
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Relative permittivity of a materials is also dependent on the chemical structure, 
imperfections or defects in the material as well as other physical parameters such as 
temperature. Movement and rotation of molecules in a dielectric material due to the 
applied ac voltage on the other hand can result in a polarization and an energy loss of 
such materials. 
Low dielectric loss is the primary factor determining the suitability of dielectric material 
for devise application. Term, loss tangent (tan δ) is the vector angle δ of the horizontal 
axis, ε' when the complex permittivity is represented in vector format [50, 59, 60]  . 
Therefore, tan δ is the measure of the ratio of how lossy (ε'') is the material to the lossless 
component (ε') in the application of ac electric field, which is given in equation 2.4. The 
value of tan δ under 0.001 (<0.1%) is considered to be quite low and 0.05 (5%) is high 
for practical applications [11].  
tan δ =
𝜀′′
𝜀′
    (2.4) 
Debye Relaxation: Dielectric relaxation of an ideal dielectric is a complex number, 
which is described by Debye function as given in equation 2.5 [50, 59, 60]  .  
ε∗ = ε∞ +
εs−ε∞
1+jωτ
   (2.5) 
Where, τ is the relaxation time given by τ=RC and ω is the angular frequency. R and C 
are resistance and the capacitance of the dielectric material.  
The real and imaginary parts of the equation 2.5 can be separated as follows as seen in 
equation 2.6 and equation 2.7.  
11 
 
ε′ = ε∞ +
εs−ε∞
1+ω2τ2
    (2.6) 
ε′′ = ε∞ +
(εs−ε∞)ωτ
1+ω2τ2
    (2.7) 
If real (ε') verses imaginary (ε'') parts of the complex relative permittivity of Debye 
expression (equation 2.5) are plotted, it traces a semi-circle as shown in Figure 2.3 (a), 
which is the Cole-Cole diagram. Furthermore, ε' and ε'' of Debye expression are also 
graphically represented as a function of frequency in Figure 2.3 (b).  
The symbols εs and ε∞, respectively in the Figure 2.3 (a) and (b) are the static (DC value 
or low frequency limit) and high frequency limits of real part (ε') of the complex 
permittivity (ε*) and τ is the relaxation time. As can be seen in the Figure 2.3, when the 
frequency of the applied electric field is increased, some of the polarization mechanisms 
will no longer be able to attain their low frequency DC values (εs). Therefore, ε* at 
intermediate frequencies can be obtained by Cole-Cole diagrams.  
Figure  2.3. (a) Real (ε') versus imaginary (ε'') parts of the complex dielectric constant as 
a function of angular frequency (ω), where, ω=2πf and f is the frequency [61]. 
Three major phenomena can be seen in Figure 2.3.  
12 
 
1. When the relaxation time (τ) is smaller (much faster, ωτ<1) than the frequency of 
the applied electric field, polarization occurs instantaneously. Therefore, for small 
values of ωτ, the terms ω2τ2 become even smaller in equation 2.6 and 2.7, 
resulting the real part ε′ ≈ εs and small ε′′. This situation can be seen in the low 
frequency range in Figure 2.3. 
2. When τ is large, (much slower, ωτ>1) than the frequency of the applied electric 
field, no polarization occurs. For very large values of ωτ, ε′ ≈ ε∞ and ε′′ is small. 
This situation can be seen in the high frequency range in Figure 2.3. 
3. When τ and the frequency of the applied field are similar (ωτ=1) a phase lag 
occurs. Energy is absorbed due to phase lag resulting in a maximum dielectric 
loss as can be seen by a peak in ε′′ at the moderate frequencies in Figure 2.3. At 
the maximum of ε′′ value of ωτ=1. 
Debye assumes that the molecules are spherical in shape and therefore the axis of rotation 
of the molecule in an external field has no influence in deciding the value of complex 
permittivity [62, 63]. However, dielectric materials deviate from ideal Debye response as 
the molecules in real materials may have different shapes and hence interaction between 
molecules can differ resulting non-ideal capacitors and resistors.  
On the other hand, the relaxation times (τ=RC) of polycrystalline materials such as 
CCTO have more than one relaxation times (several RC components) resulting a 
dispersion that occurs over a wider frequency range. Therefore, a semi-circle with its 
center lying on the real axis (as seen Figure 2.3) cannot be seen in the Cole-Cole diagram 
for practical dielectric materials. Cole-Cole [63] suggested that ε' verses ε'' will still be a 
13 
 
semi-circle in such situations with its center displaced below the abscissa (real axis) as 
shown in Figure  2.4. The deviation of ideal Debye nature of the Cole-Cole diagram can 
then be expressed by the Cole-Cole empirical expression in equation  2.8 [62, 63].  
ε∗ = ε∞ +
εs−ε∞
1+(jωτ)β
    (2.8) 
Where, jβ=cos (βπ/2) + j sin(βπ/2). Here, β is the parameter with values between 0 and 1 
related to the semicircular arc in the Figure 2.4 of which center lying between real axis of 
the complex plane. For an ideal Debye relaxation, β = 1. If β < 1, it implies that the 
relaxation has a distribution of relaxation times, leading to a broader peak shape than a 
Debye peak. Smaller the value of β, larger the deviation from ideal semi-circular shape. 
 
Figure 2.4. Real (ε') versus imaginary (ε'') parts of the complex dielectric constant of a 
depressed semi-circle where, (1-β) π/2 is the deviation angle.  
The ε' and ε'' of complex permittivity in the Cole-Cole empirical expression can hence be 
decomposed as shown in equation  2.9 and 2.19 [60, 61]. 
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ε′ = ε∞ +
(εs−ε∞){1+(ωτ)
βcos(βπ 2⁄ )}
1+2(ωτ)βcos(βπ 2⁄ )+(ωτ)
2β    (2.9) 
ε′′ = ε∞ +
(εs−ε∞)(ωτ)
βsin(βπ 2⁄ )
1+2(ωτ)βcos(βπ 2⁄ )+(ωτ)
2β    (2.10) 
If dielectric materials have considerably large dc resistance (ohmic resistance) at the low 
frequency range, conductance losses need to be considered and added to imaginary part 
(ε'') of the complex ε* as given in equation  2.11 [60].  
ε∗ = ε′ − j (ε′′ +
σdc
ε0ω
)     (2.11) 
Where, σdc is the ohmic conductivity (or dc conductivity) due to free charge carriers that 
can be migrated a long distance in the dielectric material. Therefore, the modified Cole–
Cole expression to account for dc conduction loses is given by equation 2.12. 
ε∗ = ε∞ +
εs−ε∞
1+(jωτ)β
+ j
σdc
ε0ω
    (2.12) 
The imaginary part (ε'') of ε* can hence be expressed by equation 2.13, which shows the 
losses due to dielectric relaxation (first part) and the losses due to ohmic (dc) 
conductivity (second part, σdc/ε0ω) [60].  
ε′′ = ε∞ +
(εs−ε∞)(ωτ)
βsin(βπ 2⁄ )
1+2(ωτ)βcos(βπ 2⁄ )+(ωτ)
2β +
σdc
ε0ω
  (2.13) 
Losses due to dielectric relaxation are different from ohmic conduction losses. Both end 
up as heat, but conductive losses arise from free charge carriers colliding with the atoms 
and grain boundaries, interfaces etc., while relaxation losses are from the phase lag of the 
dipoles.  
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When dielectric materials show charge carrier induced polarization, dielectric dispersion 
in the frequency domain can show two or more steps due to space charge accumulation at 
low frequencies and dipole relaxation at high frequencies. Dielectric relaxation equation 
for this kind of situation can include the contribution by complex electrical conduction, 
which is described by equation 2.14 [50, 60].  
Complex conduction (σ*) in equation 2.14 is due to two situations. One is from 
relaxation due to permanent dipoles (lattice response) or due to mobile charge carriers 
that do not involve long range mobility. Second is from conductivity caused by charge 
carriers involved in long range migration such as dc conduction and space charge 
separation [60]. 
ε∗ = ε∞ +
εs−ε∞
1+(jωτ)β
+
σ∗
ε0ωs
    (2.14) 
Here, σ* (σ*=σ1+σ2) is the complex conductivity, where σ1 is the conductivity due to free 
charge carriers that are moving in long distance (or dc conductivity), σ2 is the electrical 
conductivity due to the space charges (localized charges), and exponent s is the 
dimensionless parameter (0 <s< 1). For an ideal complex conductivity, s =1. If s < 1, it 
implies that the polarization has a distribution of the charge carrier polarization 
mechanism. The real (ε′) and imaginary (ε′′) parts of complex dielectric function in 
equation  2.14 can hence be separated and are given in equation  2.15 and 2.16 [60].   
ε′ = ε∞ +
(εs−ε∞){1+(ωτ)
βcos(βπ 2⁄ )}
1+2(ωτ)βcos(βπ 2⁄ )+(ωτ)
2β +
σ2
ε0ωs
  (2.15) 
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ε′′ = ε∞ +
(εs−ε∞)(ωτ)
βsin(βπ 2⁄ )
1+2(ωτ)βcos(βπ 2⁄ )+(ωτ)
2β +
σ1
ε0ωs
  (2.16) 
Above relations indicate that the conductivity may have contributions to both ε′ and ε′′, 
hence tan δ of a material is the total energy loss due to the dielectric relaxation process 
and dc conduction [64].  
2.2 CaCu3Ti4O12 (CCTO) Ceramics for Energy Storage Devices 
Structure related studies identified that CCTO has an unusual perovskite structure (ABO3 
type) in which the TiO6 octahedra are strongly tilted, giving rise to small, square planar 
coordinate sites for Cu and much larger space of the A-site for Ca. CCTO structure is 
thermally stable (remains cubic down to 35 K) with no indication of a structural phase 
transition, which is also an important property for it to be used in energy storage devices 
[7]. As depicted by Figure 2.5, Ti atoms are located at the center and O atoms are located 
at the corners of the octahedra, respectively.  
Crystal structure of CCTO is simple cubic at RT with a lattice parameter of 7.391 Å in 
the space group of Im3 and Ca-O distance is reported as 2.604 Å. This Ca-O distance is 
much smaller than the value based on the ionic radii, which is 2.72 Å. No structural phase 
transition with the temperature is reported for CCTO. Single crystal CCTO are reported 
to be highly twinned and hence may contain nano-scale domains [7]. 
Since the discovery of large ε′ in CCTO by Subramanian et al., the origin of its huge 
dielectric response has been the subject of some controversy [7]  . Both intrinsic and 
extrinsic mechanisms are proposed to explain the unusual dielectric response observed in 
CCTO materials. Intrinsic origin is related to the polarization of permanent dipoles or 
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spontaneous polarization in the CCTO crystal lattice whereas extrinsic mechanism is 
related to defect induced polarization at GBs, sub-grain boundaries, domain boundaries, 
or sample-electrode-contact interface.  
 
Figure 2.5. Crystal structure of CCTO: Ca (large circle) at the corner and body centered 
position, Cu on the face and edge centers of the unit cell (dotted lines). Octahedra are 
TiO6 perovskite units. Thin and thick solid lines indicate the unit cell of typical simple 
perovskite ABO3 structure and planar CuO4 square unit, respectively [65]. 
The intrinsic origin of giant dielectric response in perfectly stoichiometric and defect-free 
crystal of CCTO as a possible mechanism had been ruled out based on the first principle 
calculations by authors [66]. CCTO was in their study [66] identified as a non-
ferroelectric, in which dielectric response is not linked to its crystal structure and there 
were no direct evidences for the intrinsic lattice contribution to the ε′. The tilted nature of 
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TiO6 octahedra in CCTO can frustrate the transition to a ferroelectric phase, which is the 
possibility of displacement of Ti4+ from the center of the octahedron. Later, mathematical 
results of the above study were further supported by the study on the structural and lattice 
dielectric response, which implied the extrinsic model [67]. 
Afterwards, there have been many other reports about the various extrinsic origins such 
as twin and domain boundaries in single crystals [21, 68, 69], GBs and domain 
boundaries in polycrystalline CCTO [17, 27, 28], and electrode interfaces in the form of 
interfacial contributions to the dielectric response [19, 20]. Therefore, barrier layer 
capacitance originated at domain and/or GBs (IBLC), surface barriers layers, and at 
sample electrode interface are proposed as the possible origins of large ε′ in CCTO 
ceramics.  
Single-crystal samples of CCTO are known to be highly twinned and consist of twin 
boundaries [70]. Therefore, the transport behavior of these domains and their boundaries 
in both single-crystal and ceramic samples could play a significant role in the observed 
dielectric response in CCTO materials. Although intrinsic origin is not possible, a large 
measured dielectric constant in CCTO is reported. Some studies [6, 7, 17, 71], claimed 
that other barrier layer mechanism(s) within CCTO grains to account for giant dielectric 
permittivity. Therefore, some studies claimed that there are nano-scale domains in CCTO 
grains can give rise to large dielectric constant in CCTO ceramics [72, 73]. While some 
studies reported that defects induced charge carrier transportation can form polarizable 
dipoles in the grains. 
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To obtain evidence of extrinsic effects, authors [19, 21] investigated the effects of the 
electrode contact on the dielectric response. Through the measurement of the frequency 
dependent ε′, they concluded that the high ε′ in CCTO is caused by either electrode 
contacts or surface oxide barrier layer effects. Furthermore, a research based on the 
effects of a variety of contacts and sample thickness on the dielectric response reported 
that there is a certain strong resistive surface oxide layer effect. This surface barrier 
layers are reported to have formed due to oxygen concentration gradient from CCTO 
inner core to the sample surface giving rise to large surface capacitance leading to large ε′ 
in CCTO [20]. 
Therefore, the origin of the huge dielectric response of CCTO has been the subject of 
some controversy. This is because it is not clear whether defects in the grains or GBs or 
surface oxide layers (surface barriers) or sample electrode interface are playing a 
dominant role.  
However, numerous experimental investigations and intensive studies support the idea 
that support the idea that an external origin via Barrier Layer Capacitance effect (BLC) at 
GBs is the source of high-ε′ at RT [8, 9, 14, 17, 25, 29, 73] and therefore GBs are playing 
an important role in controlling the dielectric properties in CCTO ceramics. According to 
barrier layer mechanism at GBs, the structure of CCTO is proved to be electrically 
heterogeneous structure composed of semi-conducting grains and highly insulating GBs 
[9].  
Figure 2.6 schematically shows the components of such a barrier layer ceramic capacitor 
in which electrically isolated layers are formed between inter-grain boundary and 
20 
 
ceramic-electrode interface in micro-scale. When an electric field is applied to such a 
system, migration of charge carriers occurs readily through the conducting grains, but it 
is hindered at the resistive boundaries leading to the formation of barriers at the GBs. 
Therefore, the conductivity of the entire sample is only prevented either by a failure of 
the conducting regions of thin insulating blocking layers at the surfaces or at internal 
domain or GBs.  
 
Figure 2.6. Schematic of a barrier layer ceramic capacitor  
Numerous studies of CCTO ceramics showed that resistance of grain (Rg) and GBs 
(Rgb) are such that Rg<<<Rgb and Cg<<<Cgb at relatively low frequencies (10-105 Hz). In 
most reports for CCTO are sintered at 1000-1100°C for 2-10 h, and the grain resistivity 
measured at RT show approximately 10-100 Ωcm while GB resistivity exceeds 1 MΩcm. 
Much larger reported Rgb than grain or electrode implies that barrier layers capacitor in 
CCTO are dominated by the capacitance and resistance of GBs. Therefore, compositional 
and microstructural changes in GB regions are important to understanding and 
optimization of dielectric mechanisms of CCTO ceramics. 
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2.3 Mechanism of CCTO Barrier Layer Capacitance (BLC) Effect 
Internal barrier layers in CCTO ceramics are formed spontaneously as a result of a single-
step sintering in air, which is quite the opposite of the processing of conventional BaTiO3 
and SrTiO3 based dielectrics requiring a multi-stage sintering at oxidizing and reducing 
environments [9].  
Formation of semi-conducting grains and insulating barrier layers is suggested to be 
based on the small loss of oxygen and cation reduction (Cu-loss) during sintering at high 
temperatures. The driving force for reduction of oxygen in air is reported for titanite 
based ceramics seem to be due to partial O2 pressure in air is lower than the equilibrium 
partial O2 pressure at high temperatures [38, 40, 74, 75]. A small loss of oxygen from the 
lattice at high temperatures can form oxygen vacancies and free electrons in these oxide 
CCTO. As given in the equation 2.17, charge compensation occurs via reduction of Ti4+ 
to Ti3+ giving rise to the non-stochiometric formula Ca(Cu3)Ti4−x
4+ Tix
3+O12−x 2⁄  [76].  
OO
2−+ 2Ti4+→ VO
∙∙  + 2Ti3+ + 1 2⁄ O2+ 2e ↑   (2.17) 
On the other hand, Cu-loss within individual grains and segregation of liquid CuO and/or 
Cu2O at the high sintering temperatures due to oxygen concentration gradient between 
sample surface and inner core can also lead to the cation reduction in CCTO [8].  
Probable explanation for CuO volatility during sintering was reported in early studies by 
authors [18] based on the fact that Cu2+ becomes unstable on heating at high temperatures 
and reduces to Cu1+. Authors [18] suggests  that upon slight reduction of Cu2+ to Cu1+ at 
high temperatures (1000-1120°C) in air atmosphere, substitution of Ti on Cu sites occurs 
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giving rise to non-stoichiometric formula Ca(Cu3−3x
2+ Cu2x
+1Tix
4+)Ti4O12 as given in the 
equation  2.18 to maintain the charge neutrality .  
3Cu2+→ 2Cu1+ + TiCu
4+ +  Cu ↑     (2.18) 
Also due to Cu volatility or Cu segregation, the loss of Cu can give rise to the formation 
of Cu vacancies in CCTO lattice. Charge compensation on such situations is suggested to 
occur via the partial oxidation of Cu2+ to Cu3+ giving rise to non-stoichiometric formula 
Ca(Cu3−3x
2+ Cu2x
3+Vx
′′)Ti4O12 as given in the equation 2.19. 
3Cu2+→ 2Cu3+ + VCu
′′ +  Cu ↑   (2.19) 
Upon cooling, re-oxidation of some of the Cu2O back to CuO was proposed to occur 
while Ti4+ reduces to Ti3+. According to this proposed model, the charge compensation 
occurs by partial occupation of excessive Ti4+ on the Cu-site as given in equation 2.20, 
leading to formula Ca(Cu3−x
2+ Tix
4+)Ti4-2x
4+ Ti2x
3+O12.   
Cu1++ Ti4+→Cu2++ Ti3+     (2.20) 
As noted by authors [18], the required defect level to induce the anion or cation defects is 
very small (x<0.0001) to produce grain semi-conductivity of ~0.01 S/m at 300 K. 
However, the detection of such a small change is challenging using most of the chemical 
analysis techniques.  
If the cooling rate is rapid, inadequate re-oxidation of Cu2O to CuO can lead to 
inconsistent microstructures, non-stoichiometry, and porosity in the surface and interior 
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of the CCTO ceramics. Limited re-oxidation of grains and oxidized GBs/surfaces are the 
reasons for resistive barrier layers in CCTO. Therefore, semi-conductivity of grains and 
insulating GBs rely on conduction of mixed valence Ti3+/Ti4+ and Cu1+/Cu2+ or 
Cu3+/Cu2+.  
Eventually, both Cu-loss and oxygen loss mechanisms can lead to non-stoichiometry, 
oxidized GBs/surfaces, limited re-oxidation of grains, and point defects in the CCTO 
microstructure. Possible charge carriers in CCTO ceramics are reported as oxygen 
vacancies (Vo and Vo"), partial charges of Ti3+/Ti4+ and Cu1+/Cu2+, and H+/OH- (due to 
humidity) in which cations are reported to be more mobile than the anions [73].  
Following the model suggested by authors [18], correlation of Cu-stoichiometry with 
many parameters such as microstructures, processing conditions, and the resulting 
dielectric response of CCTO have been the subject for many reports. The trend is toward 
accepting the Cu and Ti reduction and the formation of oxygen vacancies within 
individual grains leading to the chemical inhomogeneity of the CCTO lattice and non-
stoichiometry of the CCTO phase [77-79].  
It was known that CCTO ceramic sintered at elevated temperatures is likely to have Ti4+ 
and Ti3+ ions and the possibility of local electrical polarization as their centers do not 
coincide in the unit cell [80]. This indicates the possibility of polarization originating 
(without a permanent dipole) at a cation and anion pair. It is also reported that there could 
be an exchange of electrons between Ti3+ and Ti4+ under the applied electric field. Mixed 
valence cations Ti3+ and Ti4+ together with oxygen are reported to form Ti3+–O–Ti4+ 
bonds and under electric field while 3d electrons in Ti3+ ions can hop to Ti4+. Further, the 
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formation of Ti3+ is likely to distort the lattice because of its larger ionic radius (0.67 Å) 
than that of Ti4+ (0.605 Å).  
Positively charged defects sites are reported as acceptor centers and can introduce p-type 
charge carriers [51, 81]. Therefore, local fluctuation of these p-type carriers and electrons 
(n-type carriers) in CCTO would increase the defect induced dipolar effect and contribute 
to the dielectric polarization [81, 82]. In the application of ac electric filed, a positive 
space charge and a negative space charge layers can also induce the charge accumulation 
at insulating GBs while contributing to defects induced polarization in the grains.  
Therefore, CCTO dielectric properties are directly related to resulting microstructure and 
defects. Many studies have therefore attempted to minimize the dielectric loss as well as 
conductivity in CCTO by altering the chemistry and structure of the insulating barrier 
layers via changing the processing conditions and/or doping.  
2.4.  Factors Affecting the Dielectric Properties of CCTO  
2.4.1 Synthesis Methods 
CCTO is mostly synthesized by solid-state reaction. Many wet-chemical routes such as 
sol–gel, co-precipitation, sol-gel combustion, and chemical pyrolysis have been 
successfully put into practice for synthesis of CCTO. Solid-state route involved mixing of 
oxides of various cations and ground to fine powder using a ball or attritor milling. In 
wet-methods, individual components of the intial raw materials are mixed at atomic level 
and hence are proved to be advantageous over conventional solid-state method in terms 
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of homogeneous mixing, shorter reaction times at low temperatures [83]. In addition, 
these solution-derived powders have fine particles as compared to the solid-state method. 
However, secondary phases commonly occur in sol-gel prepared CCTO due to the 
solubility limits of three different precursor solutions. Authors [83] showed that presence 
of CuO and TiO2 as impurity phases in CCTO ceramics can lead to poor densification 
due to the calcination of sol-gel prepared precursors at relatively low temperatures 
(850°C for 2 h).  
Authors [84] reported that secondary phases, which were observed after calcination of 
dried-gel at 900°C, were diminished upon sintering at 1040°C for 3 h and then 30 h 
making a single-phased CCTO. Further, they [84] investigated the effect of synthesis 
route in terms of variation of ε′ of CCTO pellets prepared by chemical pyrolysis and sol-
gel combustion methods. Ceramics prepared by the combustion method showed a 
bimodal microstructure with a narrow distribution of grains in the range of 0.4–1.0 μm 
and with some grains as large as 20 μm. For the pyrolysis method grain size was 3 μm at 
1040°C, which is a little larger than those made by the combustion method in this study. 
However, strong microstructure dependent dielectric constant rather than synthesis route 
was observed by this work [84]. Dielectric constant measured at -150°C and 113.38 Hz 
were 159,330 and 39,008 for sol-gel combustion and pyrolysis method, respectively.  
Authors [10] reported the sol-gel prepared CCTO (calcined at 700°C) precursors at 
various pH values over a range from 1.06 to 1.77 of the solutions. For all the samples, 
secondary phases like CaTiO3, CuO and TiO2 were detected. However, those secondary 
phases were minimized when the pH was 1.6. This can be attributed to inconsistency of 
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mixing of precursor solutions due to the formation of minor phases before they go into 
the solution.  
In recent years, development of sol-gel techniques involved using expensive alkoxide, 
titanium nitrate or chloride, titanium alkoxide Ti(OR)4 as the titanium source [85]. 
Compared to solid-state route, costly precursors involved in wet-methods lead to a 
challenge in large scale production of CCTO using wet-methods [85]. The lowest 
dielectric loss values and respective dielectric constants reported in the recent past for 
preparing pure CCTO by both dry and wet methods are listed in Table 2.1.  
As depicted by Table 2.1, ε′ as high as 104 at 1 kHz and tan δ as low as 0.014-0.20 at 1 
kHz at RT for pure CCTO were achieved by sol-gel method. Whereas CCTO ceramics 
sintered at 1100°C for 24 h attained a ε′ of 250,000 and a tan δ of 0.1 at 1 kHz by the 
solid-state method. Table 2.1 also inferred that up to now, the greatest challenge for 
CCTO ceramics synthesis is to lower the tan δ while keeping the large ε′.  
Although sol-gel prepared CCTO showed a relatively smaller tan δ than that of solid-state 
method at 1 kHz, a very large tan δ value (>0.01) is still unsuitable for its practical 
applications.  
Table 2.1 clearly demonstrated that to date, experimental results from these studies were 
promising for high relative permittivity. These studies however, either rarely highlight the 
suitability of CCTO for capacitor applications or provide clear clues for observed large 
tan δ values.  
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Table 2.1. Dielectric properties reported for pure CCTO prepared by different methods at 
room temperature in recent past. 
ε′ (at 1 kHz) tan δ (at 1 kHz) Sintering Synthesis Year 
250,000 0.1 1100°C/24h Solid-state 2002 [8] 
~9,516 ~0.020 1100°C/16h Sol–gel 2012 [83] 
59,000 0.06 1125°/4h Sol–gel 2012 [86] 
35,000 ~0.014 1100°C/15h Sol–gel 2013 [10] 
61,000 0.05 1050°C /24h Sol–gel 2014 [87] 
18,225 0.028 1100°C/16h Sol–gel 2015 [88] 
48,600 0.15 1050°C/30h Sol-gel 2015 [85] 
123,000 ~0.25 1125°/4h Sol–gel 2015 [89] 
60,000 0.2 1050°C/4h Solid-state 2015 [90] 
>10,000 >1 1100°C/10h Solid-state 2016 [91] 
>40,000 0.1 1200°C/12h Solid-state 2018 [92] 
In general, analyzing the dielectric properties reported by various synthesis techniques 
implies that variation of the dielectric constants does not necessarily mean that one 
synthesis technique is superior to the other. This is because the ε′ of CCTO strongly 
depends on the microstructures and grain size of the samples. 
2.4.2 Sintering Conditions 
Numerous studies showed that there is a strong correlation between CCTO dielectric 
properties and sintering conditions such as temperature, dwell time, and sintering 
atmosphere. Effect of sintering temperature on the electrical properties of pure CCTO in 
the range 1000-1140°C was investigated by many groups. Fang et al. [78,93] observed an 
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increased resistivity of GBs due to the existence of Cu-rich boundaries. Segregation of 
Cu during sintering [38] and oxidation near the sample surface [94] can also change the 
concentration of defects near the surface, GBs, and grain interior, which are contributing 
for the polarization and conductivity of CCTO [50].  
Authors [30] reported that slower heating rates would allow sufficient time to create a 
higher concentration of Cu1+ during sintering at 1100°C for 2 h. Hence, if the cooling rate 
is rapid, CCTO re-oxidation occurs only by changing some amount of Cu2O to CuO 
leading to inadequate time for re-oxidation of Cu2O to CuO. Therefore, surfaces of 
CCTO samples and the outside of each grain can be well oxidized, while the interior of 
the grains remains oxygen deficient.  Authors [30] observed a Cu2O phase in pure CCTO 
ceramics sintered in air at 1115°C followed by air quenching. They demonstrated the 
segregation of a Cu-rich phase on the unpolished CCTO surface might have been due to 
high mobility of CuO to diffuse to the sample surface via GBs.  
All in all, sintering in air at high temperatures and subsequent cooling can result in 
different oxidation states in CCTO materials. Many reports on sintering studies of CCTO 
ceramics suggested liquid CuO can act as a sintering aid, which can lead to grain growth 
during sintering, which can eventually affect electrical properties of CCTO ceramics. As 
reported by [95, 96], increasing temperature can cause an increase in liquid phase of CuO 
leading to increased grain size as well as porosity due to its high volatility of CuO at high 
sintering temperatures above 1000°C. Some studies [10] confirmed the presence of 
porosity reduce due to rapid migration of CuO/Cu2O phase with increasing sintering 
temperature.  
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Authors [96] reported an enhanced ε′ of CCTO ceramics sintered at higher temperatures 
(1025-1125°C) with increased dwell times. They [96] observed a bimodal microstructure 
when the holding time and the temperature are increased above 1075°C. The 
intergranular phase was observed to be more Cu-rich at 1100°C as compared to sintering 
at 1050°C for the duration of 4 h. When sintering temperature was increased beyond 
1075°C, ε′ was very high and became frequency dependent [96]. Ceramics sintered at 
1125°C showed a significantly higher ε′. Similar investigation by authors [95] 
highlighted that ε′ is simply increased with the sintering temperatures.  
An excessive dwell time can also be disadvantageous because it creates some pores 
inside the sample, which can decrease the ε′ due to increased evaporation of CuO [95].  
Some extent of CuO segregation is important in the formation of the insulating GBs and 
has a significant influence on ε′. A longer sintering time can increase stoichiometric 
composition of grains by limiting the further migration of Cu1+/Cu2+ ion out of the grains. 
If the time given for the formation of stoichiometric grains is low, Cu-deficiencies are 
expected in the grains. Adams group [97, 98] prepared single phase CCTO at 1100 °C for 
3 and 24 h, respectively in air.  On prolonged sintering grain growth occurs from ~3-5 
μm (fine-grained) after 3 h to about 100-300 μm (coarse-grained) after 24 h [44]. The 
impedance associated with such a microstructure were such that Rg (grain resistance) was 
70 Ω and 30 Ω, whereas Rgb (GB resistance) of 0.18 MΩ and 4.2 MΩ for the 3 and 24 h 
samples, respectively. Due to the change in microstructure and grain size, ε′ observed at 
RT were 10,000 and 300,000 at 1 kHz for samples sintered at 1100 C for 3 h and 24 h, 
respectively. Obviously, increasing dwell time is expected to increase the grain size, 
30 
 
which is linearly proportional to the ε′ provided that good ceramic densification is 
achieved. 
Large ε′ at extended sintering times is attributed to thin down of the GBs too [99]. This is 
due to incorporating the secondary phase back into the CCTO crystals at long sintering 
times [99]. Authors [96] has investigated that evolution of CCTO microstructure by 
thinning down the GBs by increasing the consumption of small Cu-rich grains, which 
resulted in a stoichiometric grain interior. Authors [10] observed that increasing the 
holding times (up to 15 h), the Rgb reaches the highest value (0.87 MΩ), which leads to 
the highest ε′. Further increasing the holding time beyond 15 h, Rgb was decreased, 
which indicates that a certain amount of CuO was beneficial in CCTO dielectrics and 
evaporation of CuO at longer dwell time is not desirable. Here, the highest density 
sample showed excellent dielectric properties. Furthermore, they [10] found that grain 
surface of the CCTO ceramics sintered at 1100°C for 15 h showed a nearly stoichiometric 
element ratio while that for the GB showed a Cu-rich phase.  
2.4.3 Dimensional Effect 
Adams group [97, 98] observed that dielectric properties of coarse-grained sample is 
sensitive to electrode material and sample thickness only at low frequencies. When the 
coarse-grained ceramic of initial pellet thickness of 1.9 mm was reduced to 0.34 mm by 
layer by layer polishing, they observed Rgb was reduced from ~4 MΩ to as low as 25 
kΩ, while Rg was slightly increased. In contrast, a fine-grained sample did not show any 
significant change due to electrode or sample thickness effect.  
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Adams group [97, 98] showed that thickness variations related electrical properties of as-
sintered and coarse-grained ceramics can be attributed to inhomogeneous microstructure, 
which contains regions of fine-grains and regions of extremely large grains, where 
Rgb>>>Rg. Applied electric field through such an electrical microstructure can be 
restricted across the islands of small grains due to large number of resistive GBs.  
In such a case, Rgb can be dependent not only on its thickness but also on the distribution 
of large and fine-grained regions and the conductivity of grains. Therefore, thickness 
dependent dielectric response is observed at low frequencies. These observations suggest 
that in case of CCTO coarse grains, the electrode effect and thickness variations have a 
certain contribution to the overall high-ε′. 
On the contrary, authors [19] performed dielectric measurements as a function of 
electrode effect (using brass, Ag and Au electrodes) and thickness effect (0.69 and 0.24 
mm). They claimed that change in the permittivity below 1 MHz for both the electrode-
type and pellet-thickness experiments were attributed to an electrode effect and is not due 
to a grain boundary effect. Unfortunately, results by this report did not provide any 
details on the microstructure of the ceramics. Therefore, we can assume that these 
assumptions of electrode effect may not be valid when relating to the effect of the 
thickness.  
Dielectric spectroscopic studies [19, 21, 69] on both single and polycrystalline CCTO 
samples indicated that a large low frequency relaxation due to surface and/or GB are 
sensitive to the electrode material being used [19, 21, 69] and sample preparing 
conditions such as post-annealing atmospheres and temperatures as reported by many 
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[20, 38, 50]. The low frequency behavior can be attributed to changes in two types of 
surface layers; the GBs and sample electrode contact, respectively.  
Depending on the synthesis conditions, limited re-oxidation of grain interior and oxidized 
GBs or surfaces are possible in CCTO [9]. A study by authors [38] showed that a large 
low frequency relaxation at low frequency is attributed to surface layers, which were 
originated due to segregation Cu-rich phase during sintering. They observed the 
disappearance of large ε′, upon thinning down of the outer surface layers of the pellet 
samples, which were found to be Cu-rich. However, it is not clear whether they have 
conducted the experiment in a controlled atmosphere while measuring dielectric 
properties of the polished sample or as-prepared samples. Authors [36] showed the 
presence of small additional arc related to surface layer effect in the as-prepared sample. 
Their experiments showed that after subsequent polishing the samples, the impedance arc 
related to the surface layers were disappeared. They ascribed the changes due to the 
segregation of highly oxidized Cu-rich phases on the surface.  
Another reported work by them [38] claimed that due to the inhomogeneous distribution 
of oxygen on the surface and the interior can lead to preferential segregation of oxidized 
Cu-rich phase (more resistive) on the as-sintered surface. Segregation of oxidized Cu-rich 
phase near the surface can change the surface resistivity while enhancing the ε′.  
Therefore, upon layer by layer thinning down the top and the bottom surfaces of the as-
sintered sample can reveal less oxidized Cu-rich surface layers (less resistive) leading to 
low ε′ and low surface resistance. However, it is not clear whether they conduct the 
experiments in the controlled atmosphere.  
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2.4.4 Doping 
Doping has been used to enhance the dielectric properties in CCTO by various cationic 
substitutions on either A site (Ca and Cu), or B site (Ti), and/or on both sites in CCTO. 
Researchers have indicated that defects in CCTO can be changed via doping schemes. 
The excessive charge carriers from the replaced element in the A-site or B-site (Ti4+) of 
CCTO perovskite is accommodated by the creation of vacancies, which can change 
conductivity of grains and GBs in CCTO [11].  
Study on different cation doped CCTO can therefore provide new insights into the role 
played by CCTO grains and GBs depending on the site/s where the dopants are occupied. 
Cation vacancies tend to be separated by oxygen ions so that there is a considerable 
energy barrier to be overcome before the ion and its vacancy can be interchanged. 
Donor–cation vacancy combinations are reported to have a stable orientation so that their 
initial random state is unaffected by applied fields.  
Whereas acceptor–oxygen vacancy combinations are likely to be less stable and 
thermally activated and hence reorientation may take place in the presence of local or 
applied electric fields. Therefore, type of dopant (donor and acceptor) has a strong effect 
on dielectric properties of CCTO.  
Table 2.2 shows the ε′ and tan δ values reported in some of the doped CCTO with various 
cations and in some CCTO related composites. Doping of CCTO has been carried out on 
partial substitutions of Ca ions of CCTO such as substitution by La and Sr and Cu ions by 
Zn+2 and Mg+2 as can be seen in Table 2.2.  Much work has been carried out on partial 
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substitutions of Ti sites by cations such as Cr [100], Fe [101], Mn [102] , V [103], Hf 
[104], and Ga [105].  
Some examples of the reported acceptor dopant elements are Mn3+, Co2+, Co3+, Fe2+, 
Fe3+, Ni2+ and Zn2+. Acceptor ions such as Mn3+ on Ti4+ sites give rise to oxygen 
vacancies but without the liberation of electrons [11]. The oxygen ions however form a 
continuous lattice structure and the oxygen vacancies have oxygen ion neighbors, which 
they can easily exchange with electrons and increase conductivity. Therefore, oxygen 
vacancies and space charges (electrons) can result in higher conductivity.  
Donor dopant is defined as dopant elements with a higher ionic charge than ions they 
replace, causing cation vacancies [11]. Elements with an ionic charge of La3+, Bi3+ and 
Nd3+, are usually used as A-site donors for perovskite structures, and elements with ionic 
charges Nb5+, Ta5+, Sb5+ or W6+, can be used as B-site donors.  
Despite the reported work related to implementing doping strategies, studies reported so 
far however hardly highlight suitability of CCTO for capacitor applications. Very 
recently, a group demonstrated that the formation of spinel-CuAl2O4 phase in the 
intergranular regions can increase the breakdown field and GB resistance of CCTO 
ceramics while inhibiting the grain growth [46-48]. This suggests that Al-doped CCTO 
ceramic materials have a high potential for use for capacitator applications.  
As can be seen in the Table 2.2, Mg2+ and La2+ in Cu and Ca sites, respectively has 
lowered the tan δ. However, the overall ε′ has decreased. Al-doped samples show 
relatively enhanced ε′ and tan δ values.  
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Furthermore, it is also difficult to make a good comparison of Al content in each of their 
systems due to the variations in the preparation methods. A comparative study on the 
effects of GB has not been studied for Al-doped CCTO ceramics subjected to various 
sample preparation conditions. 
Table 2.2. Dielectric properties reported for doped-CCTO at room temperature.  
Element Method Sintering ε′ (1 kHz) tan δ  
In Ti4+ Site 
Cr4+ (x=0.01) Solid-State 1100°C/2h 19,004 0.049 [106] 
Nb5+ (x=0.01) Solid-State 1100°C/2h 6,200 0.263 [106] 
Zr2+ (x=0.01) Solid-State 1100°C/2h 5,430 0.019 [106] 
Zr2+ (x=0.1) Sol-gel 1000°C/10min 12,00 0.120 [107] 
Ga3+ (x=0.01) Solid-State 1050°C/5h 31,330 0.044 [105] 
Sc3+ (x=0.04) Solid-State 1090°C/6h 57,150 0.303 [108] 
Al3+ Solid-State 1040°C/4h 30,226 0.100 [109] 
Al3+ (x=0.06) Solid-State 1100°C/12h 41,000 (10 kHz) 0.034 [41] 
Al3+ (x=1.5%wt.) Solid-State 1050°C/5h 81,000 0.080 [110] 
Al3+ (x=0.3) coprecipitation 1080°C/20h 12,710 0.070 [111] 
In Cu2+ Site 
Zn2+ (x=0.05) Sol-gel 950°C/12h 5,971 0.18  [112] 
Mg2+ (x=0.1) Sol-gel 1080°C /8 h. 2,520 0.017 [113] 
Mg2+(x=0.3) Solid-State 1100°C/12h 17,300 0.052 [113] 
Ni3+ (x=0.31) Solid-State 1060°C/6h 51,600 0.034 [114] 
In Ca2+ Site 
Sm3+ (x=0.05) Solid-State 1090°C/6h 10,863 0.043 [115] 
Sr3+ (x=0.) Sol-gel 1070°C/9h 14,369 0.023 [116] 
La3+ (x=0.2) Sol-gel 1070°C/9h 2704 0.012 [116] 
Y3+ Solid-State 1100°C/12h 9,832 0.014 [117] 
Tb3+ Sol-gel 1070°C/4h 2,090 0.051 [118] 
CCTO Composites 
CCTO/CuO Solid-State 1000°C/10h 16,875 0.074 [35] 
CCTO/CaTiO3 Sol-gel 1020°C/24h ~6,513 0.015 [119] 
CCTO/CaTiO3 Solid-State 1100°C/3h 23,600 (10kHz) 0.406 [120] 
CCTO(0.5)HfO2 Solid-State 1000°C/10h 4,298 (100 kHz) 0.064 [121] 
CCTO(0.1)ZrO2 Solid-State 1100°C/1h 5,030 0.016 [122] 
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2.4.5 Humidity and Air Interaction with CCTO  
The behavior of CCTO exposed to reducing atmosphere and oxidizing atmosphere is 
reported in earlier studies. The reported behavior indicates that when the CCTO thick 
films exposed to reducing atmosphere (such as N2) at RT, oxygen vacancies can be 
generated [123]. These oxygen vacancies may act as mobile space charges and can 
decrease of the surface resistivity [124]. Conversely, in the oxygen rich atmosphere, 
oxygen vacancies in the CCTO are filled and decrease the mobile space charges leading 
to an increased surface resistivity. Reports also indicated that if the resistivity of the 
ceramic is as high as 1.2x108 Ωcm, mobile space charges are absent on the surface at RT 
[124].  
Despite the differences in the material, humidity interaction with oxide ceramics surface 
is explained through three mechanisms. They are; the chemical adsorption, physical 
adsorption of water molecules on the surface, and capillary condensation in the open 
pores of the microstructure as can be seen in Figure 2.7.  
Hydroxyl species (OH) can be formed by the reaction of a water molecule with an 
adsorbed O-2 ion. These chemisorbed two OH can evolve to water vapor at 300-500°C 
[125-127]. Succeeding layers are physically adsorbed on the chemisorbed layer as shown 
in Figure 2.7. The first physiosorbed layer is stable and removable at 100-160°C. Second 
physically adsorbed layer is relatively mobile and removable at 80-100°C.  
However, complete removal of physically absorbed moisture was achieved by heating the 
sample inside the tube furnace at the ambient temperature of ~400°C [126]. Mechanism 
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of humidity interaction with metal oxides depends mainly on the bulk properties such as 
microstructure, pore size and volume, grain size, and defects. Various surface reactive 
sites such as porosity, point defects, large surface areas, and vacancies enhance moisture 
adsorption on the oxide ceramics [125, 128, 129].  
 
Figure 2.7. Schematic of moisture absorption on CCTO ceramics surface 
Due to the presence of humidity in the air, conduction mechanism of oxide ceramic 
sensors can be either ionic or electronic [125, 130]. In ionic-type humidity sensors, the 
conduction mechanism is mainly due to the displacement of protons between the 
physically adsorbed water molecules. Impedance of the material decreases with increase 
of humidity due to the ionic type physisorption and capillary condensation of water 
molecules on the surface of the material. At higher humidity, water molecules are 
adsorbed only through one hydrogen bond and the proton-transfer process dominates and 
capillary condensation takes place in the pores. Hence, the water molecules can move 
freely and the impedance value decreases.  
38 
 
In contrast, at lower humidity, water molecules are attached on the surface of ceramic 
through two hydrogen bonds. As a result, the water molecules are not able to move freely 
and thus, the impedance value increases. In the electronic type sensor, water molecules 
are chemosorbed by donating electrons on to the surface and a thin layer of hydroxyl 
groups (OH−) are formed on the surface. Depending on whether the material is an n or p-
type semiconductor, electronic conductivity of the material increases or decreases.  
Although moisture effect was not identified, some research work indicated a dramatic 
change of impedance measured near RT when CCTOs were aged in air [23]. Work by 
authors [23] indicated that complex impedance measured in CCTO ceramics at RT were 
changed after aging the samples in air. They [23] suggested this instability to high 
sensitivity of the sample-electrode interface to oxygen adsorption. They [23] argued that 
grains and GBs will not be sensitive to atmosphere when kept in air at RT. They showed 
that only the impedance related to sample/Au-electrode-contact was sensitive to the 
surrounding atmosphere. They observed a gradual increase of electrode contact resistance 
from the initial value of 7.7 kΩcm to 23 kΩcm and then to 75 kΩcm, respectively after 
aging the samples in air for 4 h and then for 18 days at RT while no change was observed 
for bulk. After annealing in air at 300°C, a large reduction in electrode resistance and 
capacitance were reported with no changes to GB or grain resistances [23].   
Authors also [23] claimed that the electrode contact impedance can be sensitive to 
sample/electrode treatments and surrounding atmosphere if the Rgb of CCTO samples 
are considerably low. However, they did not show the range of GB resistances measured 
at various atmospheres other than air to find its sensitivity to the testing atmosphere. 
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They also suggested that adsorption of oxygen at the sample electrode interface might 
play a role to alter the dominant electrode effect.  
In polycrystalline CCTO ceramics, formation of oxygen vacancies during sintering at 
high temperatures in air or sintering in reducing environment is reported [18-20]. When 
oxide ceramics are exposed to air, atmospheric oxygen can be chemisorbed on to the 
surface by capturing free electrons from the conduction band thereby decrease the 
electron concentration. In absence of oxygen ion vacancies, improved wetting properties 
of ZnO surface due to adsorption and desorption of water is reported [129].  
It is also reported for other oxide ceramics that water competes with oxygen for the 
surface vacancies.  The adsorption of water molecules on the surface of CCTO can also 
decrease the surface area that is responsible for the oxygen chemisorption and sensitivity. 
The effects of water vapor have been discussed in terms of the displacement of 
chemisorbed oxygen by H2O and OH- formation on SnO2 [126, 127]. Desorption of the 
adsorbed OH in the surface can produce water and oxygen [127]. Adsorbed oxygen is an 
oxygen molecule trapped in or on a surface oxygen vacancy. Water competes with 
oxygen for the surface vacancies. In the presence of surface rich in oxygen vacancies can 
therefore increase the moisture absorption.  
If the ceramics surface or GBs are rich in oxygen vacancies during processing, then it 
might increase the moisture absorption by CCTO. This is because an OH group can 
occupy a vacant oxygen ion sites at the surfaces and interfaces without distorting the 
lattice as reported for the other oxide ceramics [126, 127].  
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2.5 Summary  
Dielectric properties of CCTO are strongly dependent on processing conditions, 
microstructure, sintering conditions, heat treatments, and doping. Even when prepared by 
the same method, there is a wide range of effective permittivity values indicating that 
some other conditions other than just the synthesis technique alone are playing a role in 
controlling dielectric properties of CCTO. CCTO dielectric properties are highly 
sensitive to changes in the microstructure and electrical properties have been based on the 
extrinsic mechanisms as suggested by barrier layer capacitance effects at GBs. Although 
the mechanism responsible for these exceptional properties in CCTO ceramics are still 
not fully understood, any changes to electrical properties of grain and/or GBs will affect 
the overall dielectric behavior of CCTO. On the other hand, it is very important to 
eliminate or decrease the dependence of the dielectric properties of CCTO on ambient 
conditions such as humidity and air on measured dielectric properties for use as 
capacitors in energy storage applications. Key questions to address regarding electrical 
properties of CCTO are how microstructure is changed to form highly resistive insulating 
layers and how large-ε′ and tan δ are obtained from such a microstructure.  
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CHAPTER III 
 
 
RESEARCH OBJECTIVES AND APPROACH  
 
 
Although CCTO has a large dielectric constant (ε'), high dielectric loss hinders its 
practical applications. A varied dielectric property is reported even for CCTO ceramic 
samples prepared in a similar way. Therefore, dielectric response of CCTO is hard to 
explain clearly. CCTO microstructure is electrically heterogeneous with semiconducting 
grains and insulating GBs.  
The dc conductivity of CCTO is related to grain and grain boundary (GB) resistances as 
σdc=A/t(Rg+Rgb), where, A and t are the sample cross-sectional area and thickness, 
respectively. Since Rgb>>Rg, the overall dc conductivity of CCTO is usually governed 
by the resistance of GBs for a given sample geometry. Whereas ac conductivity is related 
to σac=ωε0ε'tan δ, implying that smaller the ε' or smaller the ac conductivity, it can lead to 
a low dielectric loss. Therefore, tan δ can be reduced by decreasing the conductivity (or 
increasing Rgb and Rg).  
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On the other hand, ε' and tan δ can also be affected by extrinsic factors such as 
surrounding atmosphere or moisture. There are contradictory reports and mutually 
exclusive explanation for the CCTO dielectric properties measured in air at RT.  Some 
reports say that there is a highly resistive oxide layer in CCTO sample surface, which is 
contributing partly to large ε' in CCTO in air at RT. While some other studies showed 
that CCTO sample surface and electrode contact impedance can be changed depending 
on the electrode material being used.  
Reviewing all those reports indicates that CCTO are not only sensitive to sample 
processing conditions but also to the atmosphere where the samples are tested. 
Obviously, there are many open questions concerning the origin of large ε′ in CCTO and 
hence need to clarify the effect of synthesis conditions, surface layers, GB effect, and 
surrounding atmosphere on the electrical properties displayed by CCTO ceramics. 
Therefore,  this material still requires careful investigation to identify the reasons for 
large variations in its properties and ways to achieve a reduced tan δ.  
The goal of this research is to obtain  a fundamental understanding of the dielectric 
properties of CCTO, which can translate  into engineering strategies to enable the 
development of CCTO as a suitable dielectric material capable of achieving a small tan δ 
(<0.01) while still maintaining large ε' (103-104).  
The research suggests that significant change in CCTO dielectric properties occur with 
the modification in electrical resistance and capacitance of the grain and GBs leading to 
enhanced dielectric properties for capacitor applications. The hypothesis of this research 
is that processing conditions (such as sintering and doping), microstructural defects 
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(such as GBs, interfaces, and surface layers), and measuring atmosphere can govern the 
stability and reproducibility of dielectric and electrical properties of polycrystalline 
CCTO ceramics and consequently control the overall charge transportation across 
CCTO and related energy storage capabilities as capacitor 
3.1 Objectives  
Primary objective of this research is to obtain fundamental understanding on dielectric 
properties of CCTO with low tan δ and large ε' value. The challenge of synthesizing low 
loss CCTO materials with large-ε' is addressed by preparing phase pure CCTO using 
simple solid-state method. For enhancing GB capacitance and Rgb, the effects of sample 
preparation conditions, microstructure, and testing atmospheres on the electrical 
properties of CCTO are proposed. Optimum CCTO microstructure with enhanced 
dielectric properties measured in a controlled atmosphere will also be investigated by 
measuring the impedance spectra of sintered samples. To accomplish this goal, 
temperature dependence of impedance spectroscopy of the as-prepared CCTO samples 
with different microstructures are studied in both ambient air and in moisture free 
environments.  
There is a controversy on the origin of large ε' whether it is associated with the sample 
surface or GBs. Towards this goal we have proposed research in which surface layers are 
removed by polishing so that thickness dependent CCTO dielectric properties in various 
testing environments or in a controlled atmosphere can be studied to identify the roles of 
GBs on dielectric properties. These approaches are expected to provide information on 
the mechanisms of dielectric loss whether related to surface layers and/or atmosphere.  
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Feasibility of reducing the loss tangent in CCTO via doping with alumina (Al2O3) is  also 
proposed for research. Therefore, electrical properties of Al2O3 doped  CCTO ceramics 
are also studied by exposing them to moisture/air free testing environments similar to for 
the undoped CCTO. It is believed that since Al3+ ions are acceptor dopants (ionic charges 
lower than ions replaced) in CCTO ceramics, which can partially substitute for Ti sites 
leading to change in oxygen vacancies to balance the charge neutrality. It is also expected 
that Al2O3 dispersed in the CCTO ceramics can create a more insulating second phases 
such as CuAl2O4 at GBs while sintering. A reduced conductivity can lead to reduced 
dielectric losses either by adjusting the defects or changing the concentration of 
commonly observed native defects such as Ti3+/Ti4+, Cu1+/Cu2+, and other point defects 
(such as oxygen vacancies and free electrons) in CCTO.   
The results of this study are expected to provide a better understanding of the important 
roles of surrounding atmosphere, sample preparation conditions, and microstructure on 
the dielectric properties of polycrystalline CCTO ceramics. 
2.6 Specific Aims of the Research  
The objective of the present work is to synthesize phase pure and Al2O3 doped CCTO 
and to study their dielectric properties.  
1. Prepare phase pure and alumina doped CCTO using solid-state route. 
2. Study powder processing and sintering behaviors to obtain CCTO ceramic 
powders that can lead to relatively dense ceramics with a homogenous grain size.  
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3. Characterize the samples by X-ray diffraction (XRD), scanning electron 
microscopy (SEM), Energy-Dispersive X-ray (EDX), optical microscopy, Raman 
Spectroscopy, TGA, particle size, and density measurements. 
4. Characterize electrical properties of sintered samples using complex impedance 
spectra for dielectric properties to find the conditions at which impedance, ε′, and 
dielectric loss is varied due to the applied external effects such as temperature, 
frequency of the applied electric field, and testing atmosphere. 
5. Investigate effect of the sample thickness and microstructure produced by 
sintering at different temperatures on the measured dielectric properties in 
different atmospheres, temperatures, and frequencies. 
6. Study the effect of Al2O3 doping on the electrical properties of CCTO, including 
the effect of dopant concentration, microstructure, temperature, and testing 
environment. 
7. Analyze and model impedance data to separate contributions from grain and GBs.  
8. Model the dielectric properties to study the roles of the microstructure, sample 
thickness, temperature and testing environments on the grain and GBs resistances  
to identify the mechanisms controlling the dielectric properties and loss tangent of 
CCTO.  
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CHAPTER IV 
 
 
EXPERIMENTAL PROCEDURE AND DATA ANALYSIS 
 
 
4.1 Powder Processing and Sintering of Polycrystalline CCTO Materials 
Figure 4.1 shows the flow chart of powder preparation and processing conditions. As 
shown in Figure 4.1, pure CCTO powder was synthesized by solid-state reaction using 
stoichiometric ratio of the CaCO3 (VWR, 99.95%), CuO (VWR, 99.7%), and TiO2 
(Sigma-Aldrich, Anatase 99.8%). The raw materials were mixed in ethanol and ball-
milled for 24 h in a polyethylene bottle containing zirconia media. The mixed slurry was 
dried and then calcined at the temperature of 850°C for 6 h in air. Calcined powders were 
mixed in ethanol and then reground in the ball mill for 72 h using zirconia grinding 
media. Finely ground wet-slurry of calcined powders were dried sieved using 120 µm 
sieve. 
Average particle size for all the calcined powders was analyzed using Malvern Zetasizer 
Ver. 7.11 instruments. As can be seen in the flow chart in Figure 4.1, the calcined and 
sieved CCTO powders were mixed with 0.5 weight % PVB in ethanol.
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Binder-added and dried CCTO powders (~1.6g) were uniaxially pressed at 165 MPa into 
13 mm diameter and 2.5 mm thick green pellets. De-binding of the pressed pellets was 
performed at 500°C for 2 h followed by pre-sintering at 950°C for 5 h and then sintering 
at different temperatures from 1050°C to 1115°C for 5 h. All the heat treatments of green 
pellets were carried out at a constant heating and cooling rate of 2°C/min. Densities of the 
sintered pellets were determined using Archimedes method.  
 
Figure 4.1. Flow chart for CCTO powder preparation and sintering. 
The samples, which were sintered for 5 h at 1050°C, 1060°C, 1070°C, 1070°C, 1100°C 
and 1115°C, respectively, are designated as S1050, S1060, S1070, S1080, S1100, and 
S1115. 
 
Measure stoichiometric amounts of CaCO3, CuO, TiO2
Mixing and ball-milling for 24 h in zirconia media in ethanol 
Drying the milled slurry and and calcination (850°C for 6 h in air)
Ball-milling for 72 h in zirconia media in ethanol followed by drying and sieving 
Add 0.5wt.% PVB in ethanol and uniaxially press at 165 MPa into green pellets 
(13 mm diameter and 2.5 mm thick) 
De-binding at 500°C for 2 h (2°C/min) 
Pre-sintering at 950°C for 5 h (2°C/min)
Sintering at 1050°C/1060°C/1070°C/1080°C/1100°C/1115°C for 5 h (2°C/min) 
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4.2. Characterization of Phase Purity and Microstructure 
In order to identify the decomposing temperatures, thermogravimetric analysis (TGA, 
Netzsch STA 449 F1 Jupiter) was carried out for pre-calcined CCTO precursors at RT-
900°C at a heating rate of 5°C/min in static air.  
X-ray diffraction (XRD) is an analytical technique used for structural characterization 
and phase identification of polycrystalline materials. In order to identify the calcination 
temperature, XRD was also carried out to confirm the phases present at various 
temperatures. XRD (Bruker AXS D8 Discover) with Cu-Kα radiation was used in this 
research to characterize the phases and structural variations in the precursor powders and 
sintered ceramics with the wave length of 1.541 Å and the scan rate of 0.01º/s, with 2θ 
varying from 20º to 80º, and a count time of 60 s.  
Raman Spectroscopy (Almega XR, Dispersive Raman) was used for calcined powders 
and sintered CCTO samples in searching for variations in of the Raman lines 
corresponding to different types of atomic motions. Morphology of precursor powders 
and the microstructure of sintered samples were examined at RT by Scanning Electron 
Microscope (SEM, Hitachi S-4800) and optical microscopy. Furthermore, Energy-
Dispersive X-ray (EDX) was used for identifying the type of elements as well as the 
percentage of the concentration of each element in the sintered CCTO samples.  
4.3 Characterization of Electrical Properties by Complex Impedance Spectra 
For electrical impedance measurements of as-prepared (pure and alumina doped) and 
thinned down samples, platinum paint electrode was used. Before applying the platinum 
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paints, CCTO samples were carefully cleaned by ultra-sonicating with acetone. For this, 
platinum paint (Heraeus conductive paints Pt A2757) was applied on the pellets to serve 
as metallic contacts to the sample. The electrodes were cured by heating the platinum 
painted samples at a rate of 2°C/min to 600°C and holding for 2 h to burn off the 
solvent/binder. Similarly, to study the thickness effect, platinum paint electrodes were re-
applied on the opposing surfaces of the pellets (S2) upon thinning down and cured the 
electrode at each stage at 600°C for 2 h.   
To investigate the dielectric and charge transport properties of the studied materials, the 
main experimental technique used in this research is broadband dielectric spectroscopy, 
also known as complex impedance spectroscopy. Impedance spectroscopy (IS) has been 
used as a powerful method to explain the barrier layer capacitance effect of the CCTO 
ceramics. Complex IS enables studying the dynamics of permanent dipoles and induced 
mesoscopic dipoles, and the conduction properties of materials in a single experiment. 
Therefore, IS data in the current research help in identifying and separating the 
contributions of grains and GBs to bulk dielectric properties of CCTO ceramics. Real (Z') 
and imaginary parts (Z") of the complex impedance (Z*) as given in equation 4.1 is 
separately measured by IS.  
Z∗ = Z′ − jZ′′      (4.1) 
Where, j is the imaginary constant and Z′, Z′′ are real (resistive) and imaginary 
(capacitive) parts of Z*.  Real part (Z′) represents the ohmic resistance whereas and the 
imaginary part (Z′′) represent the reactance due to capacitive or inductive resistance. 
Therefore, Z* can be used to understand the electrical properties of CCTO ceramics. 
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In the first set of experiments, the real and imaginary parts of the complex impedance of 
CCTO (S1060, S1070, S1080, S1100, and S115, respectively) were separately measured 
in air atmosphere at various temperatures from 23°C to 225°C using Solartron 1260A 
with the dielectric interface (Solartron 1296). The temperature was measured by a 
thermocouple mounted closer to the sample inside the tube furnace. Data acquisition was 
handled by a personal computer. For complex impedance characterization, a signal 
strength of 100 mV using two-probe method in the frequency range from 1 Hz to 4 MHz 
were used. Three measurements were made at various heat/cool cycles between 23°C and 
225°C while keeping the identical samples in both air atmosphere.  
In the second set of experiments, the impedance measurements were carried out in a dry 
N2 atmosphere without removing the samples from the horizontally arranged quartz tube 
inside the tube furnace, which has the provision for evacuation under pressure of about 
0.09 MPa and back-filling with dry N2 as shown in as shown in Figure 4.2. Before 
impedance measurements in N2 atmosphere were carried out, the samples were thermally 
treated by heating them up to 400°C in dry N2 and then evacuating the chamber for 30 
minutes to remove any water vapor/air and back-filled with N2 at the same temperature 
and cooled to RT. This system could maintain air and dry N2 atmospheres inside the tube 
furnace.  
Later, during three temperature programmed heating/cooling cycles, the samples (S1060, 
S1070, S1080, S1100, and S1115, respectively) were kept in N2 at three heat/cool cycles 
between 23°C and 225°C. At each heating cycle, the chamber was evacuated for 30 
minutes at 225°C and back-filled with N2 before cooling cycles were started. Complex 
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impedance of the leads/instrument impedance was separately measured and was 
subtracted from the data before interpretation.  
 
Figure 4.2. Complex impedance measurement test setup at various atmospheres and 
temperatures. 
The stability of the impedance data had been determined by testing through three 
consecutive heat cool cycles. The stability of the and the performance of the experimental 
set-up was determined by testing the known resistors and capacitors that were connected 
in series and parallel.  
4.4 Impedance Analysis and Interpretation of Dielectric Properties  
Impedance Spectroscopy: After real and imaginary parts of the complex impedance were 
experimentally measured over a range of frequencies, a comparison or fitting was carried 
out using an equivalent circuit approach. This equivalent circuit was chosen by 
considering the physical processes taking place within the CCTO. Fitted data can be used 
to interpret and calculate values of the respective elements in the electrically 
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heterogeneous microstructure of CCTO. Graphical representation of the real and 
imaginary parts of the complex impedance in the complex plane are the Cole-Cole 
diagrams. The Cole-Cole plots appear as one, two or three semi-circular arcs as shown in 
Figure 4.3, if the resistances (R) and capacitances (C) of different regions such as grain, 
GB, or electrode in the materials are connected in parallel connection. Therefore, the 
shape and the width of the arcs (Z′ vs. Z′′) indicate the type of relaxation mechanism for 
the grain, GB, or electrode effect, respectively. The arc closest to the origin i.e. at high 
frequency represents the bulk resistance (grains), whereas the non-zero intercept at low 
frequency represents the total resistance.  
 
Figure 4.3. complex impedance spectra for CCTO ceramics with equivalent RC circuits, 
where Cg, Cgb, and Ce, Rg, Rgb, and Re are grain, grain boundary, and electrode 
capacitances and resistances, respectively. Rs and L, respectively are contact resistance 
and inductance. 
Equivalent circuit for different relaxations caused by semi-conducting grains, electrically 
insulating grain boundaries, and electrode will all be represented by three parallel RC 
pairs connected in series as shown in Figure 4.3. At the maximum of each arc ωmaxτ=1, 
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where, τ (τ=RC) is the relaxation time of the respective physical elements and ω=2πfmax 
is the angular frequency and fmax is the peak frequency [131]. Single RC represents the 
relaxation time of one mechanism. Several curves mean more than one RC elements in 
the investigated sample.  
By extrapolating the semicircle at the low frequency end to intersect the x-axis the value 
of total resistance of the equivalent circuit was determined. The horizontal axis Z′ is the 
real part of the complex impedance and the vertical axis Z′′ is the imaginary part of the 
complex impedance. The capacitance, C can be determined by the maximum of each arc. 
Debye relaxation (single relaxation time) appears only in perfect crystals. The arcs for 
Debye response can be fitted using an ideal capacitor, C and resistor, R. The 
corresponding complex impedance is then of the form as given in equation 4.2. 
𝑍∗ =  
𝑅
1+𝑗𝜔𝑅𝐶
     (4.2) 
For polycrystalline materials, the electrical conduction cannot be attributed to a single 
relaxation time due to heterogeneity in the material. If there is no electrode effect, Rg and 
Rgb contributions to real and imaginary parts of the complex impedance can be derived 
as shown in equations 4.3 and 4.4 considering ideal capacitances (Cg and Cgb) for grains 
and GBs. 
𝑍′ =  
𝑅𝑔
𝑅𝑔 + (𝜔𝑅𝑔𝐶𝑔)
2 +
𝑅𝑔𝑏
𝑅𝑔𝑏 + (𝜔𝑅𝑔𝑏𝐶𝑔𝑏)
2  (4.3) 
𝑍′′ =  
𝜔𝑅𝑔
2𝐶𝑔
𝑅𝑔 + (𝜔𝑅𝑔𝐶𝑔)
2 +
𝜔𝑅𝑔𝑏
2 𝐶𝑔𝑏
𝑅𝑔𝑏 + (𝜔𝑅𝑔𝑏𝐶𝑔𝑏)
2  (4.4) 
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Where, Cg and Cgb are capacitance of grain and GB, respectively. On the other hand, as 
the grain and grain boundaries are not ideal RC elements (non-Debye), the corresponding 
complex impedance is of the form given Cole-Cole expression in equation 4.5. 
Illustration in Figure 4.4 (a) and (b), respectively show the ideal Debye relaxation and 
Cole-Cole relaxation, which explains the non-ideal Debye nature when center of the 
semicircle is lying below the real impedance axis, where 0 < β ≤1. 
Z∗ =  
R
1+(jωRC)β
     (4.5) 
The smaller the value of β, the more asymmetric the resulting semicircle becomes. As β 
approaches 1, Debye type relaxation is regained. The value of β are obtained by 
measuring the angle (βπ/2) between Z' axis and the tangent to Z' verses Z'' curve at the 
origin (0,0). Smaller the value of β large the deviation from ideal Debye nature. When β 
reaches to 1 it represents semicircle with center lying on x axis, which represent the 
departure from ideal Debye nature of the polycrystalline CCTO [60]. 
 
Figure 4.4. Complex impedance plane plots showing (a) ideal Debye and (b) Cole-Cole 
type relaxations, respectively.   
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As can be seen in Figure 4.4 (a) and (b), respectively, β becomes smaller as the width of 
the distribution of relaxation time is larger indicating a greater deviation with respect to 
the Debye-type relaxation. To correctly fit the experimental data, impedance data can be 
modeled using a modified Cole–Cole expression representing the grain and GB in CCTO 
ceramics. Cole–Cole expression derived for two parallel RC circuits connected in series 
is represented in equations 4.6 and 4.7. 
𝑍′ =  
𝑅𝑔
[𝑅𝑔+(𝜔𝑅𝑔𝐶𝑔)
𝛽𝑔]
+
𝑅𝑔𝑏
[𝑅𝑔𝑏+(𝜔𝑅𝑔𝑏𝐶𝑔𝑏)
𝛽𝑔𝑏]
     (4.6) 
𝑍′′ =  
𝜔𝑅𝑔
2𝐶𝑔
[𝑅𝑔+(𝜔𝑅𝑔𝐶𝑔)
𝛽𝑔]
+
𝜔𝑅𝑔𝑏
2𝐶𝑔𝑏
[𝑅𝑔𝑏+(𝜔𝑅𝑔𝑏𝐶𝑔𝑏)
𝛽𝑔𝑏]
     (4.7) 
Where, βg and βgb are two exponent parameters with 0 < βg, βgb ≤1. (what is meant 
here), which represent the departure from ideal Debye nature of the polycrystalline 
CCTO [132]. The model-fitted data and their dependences on the microstructure, 
temperature, and testing environments are then used for gaining a mechanistic 
understanding of the dielectric properties of CCTO. 
In the present study, the impedance analysis was carried out with numerical least-squares 
minimization using Microsoft Excel Solver. Complex impedance of the leads/instrument 
impedance were subtracted from the data before interpretation and the root sum of 
squares of relative deviations between measured data and expected values were 
minimized. Estimated initial Cole parameters were used for solving the least squares 
problem to achieve a better fit to the data with 0.1% precision followed by successive 
refinements.  
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Complex Relative Permittivity and Dielectric Loss: Dielectric materials can be defined 
as materials with high electrical resistivity, which are able to store electrical energy in the 
form of electrostatic charge in the devices. Dielectric function (i.e. complex relative 
permittivity) is related to real and imaginary parts of the dielectric constant by ε∗=ε′−iε′′. 
Where, ε′ and ε′′ are the real and imaginary parts of the complex relative permittivity and 
are dependent on the frequency and temperature. The real part describes the dispersion, 
whereas the imaginary part describes the absorption. The dielectric function can be 
obtained by measuring the amplitude of the current through the capacitor and its relative 
phase with respect to the voltage, thereby measuring the complex impedance Z*(ω) = 
V*(ω)/I*(ω) of the sample. Since for a capacitor of capacitance C the complex 
impedance is Z* = 1/iωC, the frequency-dependent complex dielectric function is then 
given, as shown in equation 4.8. 
Z∗ = Z′ − jZ′′ =
1
jωC0ε∗
    (4.8) 
Therefore, real and imaginary parts of the complex dielectric function can be estimated 
using real and imaginary parts of Z* as give equations 4.9 and 4.10. 
ε′ = ωC0Z
′′      (4.9) 
ε′′ = ωC0Z
′      (4.10) 
Where, ω is the angular frequency given by ω=2πf and f is the frequency. Here, C0 is the 
capacitance of a parallel plate capacitor filled with vacuum, which is given by the 
relation, C0 = ε0A/d, where, C0 is the capacitance of the empty capacitor with electrodes 
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of surface area A separated by a distance d. Therefore, the value for C0 in this work can 
be obtained from a measurement of the empty cell or directly from the knowledge of the 
geometry of the cell. The geometry of the cell was determined by measuring the 
diameter, which is the separation area of the platinum electrodes and pellet thickness, 
which is the separation between two platinum electrodes. For pure ohmic conduction the 
real part of ε* is independent of frequency while for non-ohmic conduction or 
polarization effects (at inner boundaries or external electrodes) the real part of ε*(ω) 
increases with decreasing frequency. This way, the real and imaginary parts of the 
frequency dependent complex dielectric function was determined, and dielectric function 
was analyzed for various samples in air and dry N2 in the current theses. The measured 
values of real and imaginary parts of the complex impedance can also be used to compute 
dielectric loss tangent (tan δ) and AC conductivity (σac) as shown in eqns. 4.11 and 4.12 
using the standard conversion.  
tan δ =
𝜀′′
𝜀′
=
𝑍′
𝑍′′
     (4.11) 
σ𝑎𝑐 = 𝜀0𝜀
′′𝜔             (4.12) 
Here, ε0 is the permittivity of vacuum.   
Temperature Dependence of the DC Conductivity: Once the dc resistance has been 
determined with the equivalent circuit method as described in the previous sections, the 
temperature dependence of the dc conductivity can be analyzed. In practice, Arrhenius 
equation is commonly used to display the temperature dependence of the dc resistance 
(R). DC resistance is related to the DC conductivity, by σdc = t/(AR) of a ceramic sample. 
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Where, t is the sample thickness and A is the cross-sectional area of the electrode. The 
mathematical expression characterizing the temperature dependence of the rate dc 
conductivity, which can be expressed in terms of the reciprocal of the measuring 
temperature (1/T) by an Arrhenius relation as given in equation 4.13 [133], 
𝜎𝑑𝑐 = σ0 exp(−Ea kBT⁄ )    (4.13) 
Where, σdc, σ0, Ea, and kB are the DC conductivity, the independent pre-exponential 
factor, the activation energy, and the Boltzmann constant, respectively. Linearization of 
equation 4.13 shows up as a straight line when the ln (R) versus the inverse temperature 
is plotted (the so-called Arrhenius plot) and the slope of this line is proportional to the 
activation energy. In the current research, the following mathematical treatment was 
carried out to obtain linearized expression for the equation 4.13.  
ln 𝜎𝑑𝑐 = 𝑙𝑛 𝜎0 − 𝐸𝑎 (𝑘𝐵𝑇)⁄  
ln 𝜎𝑑𝑐 = ln (𝑡 𝐴⁄ ) − ln(𝑅) 
ln (𝑡 𝐴⁄ ) − ln(𝑅) = 𝑙𝑛 𝜎0 − 𝐸𝑎 (𝑘𝐵𝑇)⁄  
− ln(𝑅) = 𝑙𝑛 𝜎0 − ln (𝑡 𝐴⁄ ) − 𝐸𝑎 (𝑘𝐵𝑇)⁄  
ln(𝑅) = (𝐸𝑎 𝑘𝐵)
1
𝑇
⁄ + [ln (𝑡 𝐴⁄ ) −ln 𝜎0] 
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CHAPTER V 
 
 
CCTO POWDER PROCESSING AND SINTERING  
 
 
In this chapter, results of CaCu3Ti4O12 calcined powder and sintered ceramics fabrication 
are presented. Results of the characterization of phase purity, microstructure using XRD, 
SEM, Raman spectroscopy, and EDS as well as the results of density of sintered samples 
will also be addressed.  
5.1 CCTO Powder Synthesis and Sintering  
Pure CCTO powder was synthesized using stoichiometric ratio of solid-state precursors 
CaCO3, CuO, and TiO2. The color of dried pre-calcined precursor powders after mixing 
and ball milling (using zirconia media in ethanol) was grayish black as can be seen in 
Figure 5.1 (a). After calcination at 850°C for 6 h, the color of pre-calcined powders was 
changed from grayish to yellowish as can be seen see Figure 5.1 (a) and (b). Furthermore, 
the appearance of green pellets prepared using finely ground calcined powders turned 
black color when they were sintered between 1060°C and 1115°C for 5 h as can be seen 
in Figure 5.1 (c). 
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Figure 5.1. (a) Ball-milled and mixed pre-calcined powders, (b) calcined powders at 
850°C for 6 h, and (c) sintered pellets at 1060-1115°C for 5 h. 
The average particle size of the calcined and sieved powders was measured as 500 nm. 
Similar particle size range (200-500 nm) was observed in SEM micrographs as well. 
Figure 5.2 (a) and (b) are two different magnifications of homogeneously distributed 
CCTO calcined powder morphologies.  
 
Figure 5.2. (a) and (b) are two different magnifications of SEM micrographs of 
pure-CCTO powders calcined at 850°C for 6 h showing the particle size as small as 200-
500 nm. 
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5.2 Analysis of Phase Evolution, Chemical Composition, and Microstructure  
To determine the decomposition temperatures of CCTO pre-calcined powders, TGA was 
used. Figure 5.3 shows the TGA curve of pre-calcined CCTO precursors. The main mass 
loss observed approximately up to 600°C was nearly 9%, which is due to decomposition 
of the organic groups such as PVB binder, carbonate, ethanol, and moisture. Relatively 
negligible weight loss beyond 700°C indicates that crystalline oxides are slowly reacted 
to form polycrystalline CCTO powders when heating them above 700°C.  
 
Figure 5.3. TGA for pure-CCTO pre-calcined precursors at a heating rate of 
5°C/min in static air from room temperature to 900°C. 
After determining the range of temperature at which no further weight loss in the TGA 
curve, XRD was also carried out to identify the phases present in the pre-calcined, 
calcined, and sintered CCTO samples. XRD patterns for the evolution of CCTO phases 
upon calcination of the powders in the temperature range of 650-850°C for 6 h are shown 
in Figure 5.4. As can be seen in Figure 5.4 (a), secondary phases are diminished upon 
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heating above 750°C indicating a higher crystallinity and complete conversion to CCTO 
phase. 
As can be seen in Figure 5.4 (a), secondary phases are diminished upon heating above 
750°C indicating a higher crystallinity and complete conversion to CCTO phase. The 
lowest temperature at which single-phase CCTO powders with a cubic structure are 
formed is at a calcination temperature of 850°C for 6 h. Therefore, for the current 
experiments, the calcination temperature was fixed at 850°C for 6 h. As can be seen in 
Figure 5.4 (b), sintered ceramics (at 1060-1100°C for 5 h) show strong CCTO related 
peaks with no observable secondary phases.  
 
Figure 5.4. XRD patterns of CCTO (a) pre-calcined powders upon calcination at 650-
850°C for 6 h and (b) sintered at 1060°C, 1070°C, 1080°C, and 1100°C for 5 h. 
Raman spectroscopy measurements for calcined powders at 850°C for 6 h and surface of 
sintered pellets are shown in Figure 5.5. Three theoretically predicted symmetry modes 
were observed and the description of them is provided in Table 5.1. The theoretical 
values of two of them are at 428 cm−1 (Ag1) and 512 cm−1 (Ag2), respectively, which are 
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assigned to TiO6 rotation like modes. The peak at 576 cm−1 (Fg3) is assigned to the Ti-O-
Ti anti-stretching mode of the TiO6 octahedra.  
Upon sintering the green (calcined) CCTO pellets, the peak position of the of Ag (2) (510 
cm−1) band, which is associated to rotation (or tilting) modes of the TiO6 octahedron is 
increased from 504 cm−1 to 511 cm−1 while the peak position of the Fg (3) (510 cm−1) 
band, which is associated with anti-stretching modes of the O-Ti-O is increased from 565 
cm−1 to 575 cm−1. It has been previously shown that the Raman peaks shift to longer 
wave numbers in Ti-deficient samples compared to those of (nominally) stoichiometric 
CCTO [134]. In the current study, increasing the sintering temperature has not 
significantly shifted the peak position or broadened the shape of these two rotational 
peaks. This indicates the presence of symmetry despite the changes in the sintering 
temperatures. 
Table 5.1. Theoretical and experimental values of the main atomic motions of the Raman 
peak positions of CCTO calcined powder at 850°C for 6 h and sintered samples at 
different temperatures from 1060°C to 1100°C for 5 h. 
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Figure 5.5. Raman spectra of pure CCTO calcined powders at 850°C for 6 h and as-
sintered samples for 5 h, respectively at various temperatures from 1060°C to 1100°C.   
SEM micrographs in Figure 5.6 (a)-(d) show the evolution of microstructure of polished 
and sintered CCTO samples prepared at different temperatures (1050-1080°C) with an 
equal sintering cycles in terms of heating/cooling rates (2°C/min) and holding time (5 h). 
Figure 5.6 (a) clearly shows the initiation of discontinuous grain growth when CCTO 
samples are sintered at 1050°C for 5 h.  
When increasing the sintering temperature, most of the grains have grown in to a wide 
range of distribution. As seen in Figure 5.6 (a)-(d) duplex nature grain growth with no 
clear GBs indicates an incomplete grain growth until 1080°C. All the samples in Figure 
5.6 show that much larger grains are about 20-25 μm apart and the space between them is 
filled with large numbers of small grains about 1-2 μm.  
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Figure 5.6. SEM micrographs show evolution of microstructure of pure-CCTO ceramics 
(a) S1050, (b) S1060, (c) S1070, and (d) S1080. 
Figure 5.7 shows the optical micrographs of the polished sample surfaces when 
increasing the temperature from 1060°C to 1080°C. The dark regions in all the 
micrographs are grain pullout during polishing. As shown by optical micrographs, all the 
samples have large sized grains (<20 μm) with large number of smaller grains. However, 
the amount of smaller sized grains has decreased when increasing the sintering 
temperature. 
To further clarify the effect of CCTO sintering temperature on CCTO microstructure, 
sintering was carried out at high temperature at 1100-1115°C, respectively for 5 h to 
obtain homogeneously distributed grains with clear GBs. Optical micrographs in Figure 
5.8 show the sample sintered (S1115) has the continuous grain growth with clear GBs 
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with relatively narrow grain size distribution. S1100 has islands of large grains (>20 μm) 
surrounded by relatively large number of smaller sized grains compared to S1115.  
 
Figure 5.7. Optical micrographs show the evolution of microstructure of pure-CCTO 
ceramics (a) S1060, (b) S1070, and (c) S1080. The dark regions are pullout during 
polishing. 
 
Figure 5.8. Optical micrograph of pure-CCTO sample (a) S1100 and (b) S1115 
(sintered at 1100-1115°C, respectively for 5 h) shows more grain growth with clear grain 
boundaries. The dark regions are pullout during polishing. 
SEM images of fractured surface in Figure 5.9 (a) confirm the duplex nature of 
microstructure even when increasing the sintering temperature up to 1100°C (S1100). 
S1100 has relatively larger grains > 20 μm within some smaller sized grains about 2 μm. 
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As-sintered surface image of S1100 as can be seen in Figure 9 (b) further indicates a wide 
grain size distribution.  
The average grain size distribution calculated using line intercept method using ImageJ 
software for S1060, S1070, S1080, S1100, and S1115 are 4.95 ± 0.38, 5.02 ± 0.17, 4.57 ± 
0.23, 6.86 ± 0.15, and 7.94 ± 0.48 indicating largest average grain size for S1100 and 
S1115.  
 
Figure 5.9. SEM micrographs of CCTO sintered sample (a) show the fractured 
and (b) as-sintered surfaces of S1100, respectively. 
Sintering behavior of CCTO ceramics was further evaluated using density measurements 
based on Archimedes principle. Figure 5.10 (a) is the graphical representation of the 
measured bulk density of sintered ceramics at 1050-1115°C, respectively for 5 h.  
When the sintering temperature is increased from 1050°C to 1115°C, relative density 
increases to a maximum value of 4.735 ± 0.065 g/cm3 (94% of the theoretical density - 
5.049 g/cm3) at 1060°C and decreases to a value of 4.439 ± 0.050 g/cm3 at 1100°C then 
increases slightly to a value of 4.585 ± 0.019 g/cm3 at 1115°C. Density of the sample 
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sintered at 1070°C for 5 h is 4.669 ± 0.042 g/cm3 (92%) is relatively within the density 
variation observed for sample sintered at 1060°C. The lowest density is observed for 
sample sintered at 1050°C for 5h, which is 4.326 ± 0.028 g/cm3 (86%) and hence was 
excluded for measurements of electrical properties due to its low density. As can be seen 
in Figure 5.10 (b), largest density of S1060 was confirmed at 1060°C for 5 h by varying 
the sample dwell time 3, 5, 10, and 15 h, respectively (at 1060°C). 
 
Figure 5.10. Density of CCTO ceramics prepared at (a) various sintering temperatures 
from 1060°C to 1115° and (b) at 1060°C for various holding times 3, 5, 10, and 15 h. 
Reports related to CCTO sintering studies indicated copper melting aid the sintering 
leaving the bigger sized grains remained to be stoichiometric while smaller sized grains 
be copper rich [38]. Therefore, compositional variations of the densest sample sintered 
for 5 h at 1060°C was carried out. According to EDS analysis in CCTO sample displayed 
in Figure 5.11, no significant compositional variations was observed in larger verses 
smaller grains. The nearly stoichiometric ratio of the weight percentage (wt.%) of all the 
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elements as per the EDS analysis indicates homogeneous composition of CCTO grains 
throughout the smaller and larger grains.  
 
Figure 5.11. EDS analysis in different sizes of grains: spectrum 1, spectrum 2, and 
spectrum 3 are three different grains on the polished sample sintered for 5 h at 1060°C. 
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CHAPTER VI 
 
 
INFLUENCE OF ATMOSPHERE ON THE DIELCTRIC PROPERTIES OF CCTO 
CERAMICS  
Contents published in J Am Ceram Soc. and in Trans. Indian Inst. Met. (Samarakoon et 
al., 2019) 
 
Chapter Abstract: This study investigated the effect of testing atmospheres such as air 
and dry N2 on the stability and reproducibility of the electrical properties displayed by 
CCTO ceramics. Solid state reaction method is used to synthesize phase pure CCTO 
powders, which are used to fabricate dense samples by sintering. Samples with different 
microstructures are obtained by sintering at different temperatures of 1070°C and 
1100°C. AC impedance spectroscopy is used to study the effects of testing atmospheres, 
temperatures, microstructures and frequency on the dielectric properties of the sintered 
samples. Highly irreproducible dielectric properties are observed upon testing in ambient 
conditions. Stable and reproducible dielectric properties are only obtained in dry N2.  Re-
exposing the same CCTO samples back into ambient air after treating in dry N2 restored 
irreproducibility
71 
 
The results from this study suggested that the role of moisture/air in the ambient on the 
dielectric properties should not be over-looked and is expected to play a key role in 
controlling the stability of dielectric properties of CCTO. This new approach of 
characterizing the CCTO ceramics can be used as guide lines to eliminate hysteresis due 
to ambient atmosphere and to produce stable and reproducible dielectric properties useful 
as capacitors. 
6.1 Introduction 
The stability and irreproducibility of dielectric properties displayed by CCTO ceramics is 
of most concern, when they are used as capacitor dielectrics. However, reports indicate 
that electrical impedance of CCTO measured in air at RT can change either by moisture, 
oxygen absorption, or due to changes in the electrode material.  
CCTO ceramics and thin films are multifunctional due to its gas [13, 135, 136] and 
moisture sensitivity [55, 56]. Humidity sensitivity of CCTO ceramics [55, 56] and thin 
films [57] have been recognized only by limited studies by two groups. Two publications 
[55, 56] on CCTO ceramics demonstrated that the adsorption of water molecules can 
affect the potential barrier layer formed at the interfaces and hence can affect the inherent 
dielectric properties.  
Other moisture sensitive ceramics have shown that adsorbed moisture sits preferably on 
active surface sites such as pores and defects, which can then modify the conduction 
paths [125, 126, 130]. Mechanism of humidity interaction with metal oxides depends 
mainly on the bulk properties such as microstructure, pore size and volume, grain size, 
72 
 
and defects [130]. Various surface reactive sites enhance moisture adsorption on the 
oxide ceramics [125]. Moreover, the moisture absorption during storage of the CCTO 
ceramics in high humidity environments or even at normal laboratory conditions might 
cause breakdown and failures due to change in conductivity of the material. In ambient 
air atmosphere, surface reactive sites can adsorb molecular O2- and OH- ions at low 
temperature [125], which can travel due to the applied AC electric field and affect the 
overall complex impedance [125, 137].  
However, some research work indicated that impedance near RT undergo a dramatic 
change when the CCTO samples were aged in air due to adsorption of oxygen on the 
sample surface [23]. Some studies stressed that there is a large variations or instability of 
the dielectric constant/loss factor at low frequency due to the changes in the migration of 
oxygen vacancies across sample electrode contact at RT [138, 139]. While other 
dielectric studies on both single and polycrystalline CCTO samples indicated a large low 
frequency relaxation due to surface layers which are sensitive to air atmosphere and type 
of electrode material used [19, 21].  
To the best of our knowledge, no study could be seen in the reported literature regarding 
the exact reasons for observing such variations at low frequency at RT or finding a way 
to eliminate such variations. Moreover, no literature reported the electrical properties of 
CCTO measured in a moisture or air free test environment. In addition, the roles of 
measuring atmospheres and aging in it on the intra-grain and grain boundary (GB) 
dielectric properties are neither studied nor identified. A lack of such study may have led 
to reported data in the published literature that cannot be fully rationalized.  
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This literature survey and our own results have indicated as described in this chapter, that 
it is very important to eliminate or decrease the dependence of the dielectric properties of 
CCTO on ambient conditions such as humid air to eliminate environmental effects on 
measured dielectric properties for use as capacitors or other applications.  
The value of tan δ (loss tangent) is also one of the important parameters determining a 
dielectric material’s suitability for capacitor applications. However, to the best of our 
knowledge, any published data on dielectric properties and loss tangent of the CCTO 
ceramics measured systematically in a controlled environment could not find.  
Therefore, the primary objective of the current study in this chapter is to investigate the 
effect of testing atmosphere on the stability and reproducibility of the electrical properties 
of CCTO. To accomplish this goal, the temperature dependence of impedance 
spectroscopy and dielectric properties of the CCTO samples are studied in both ambient 
air and in dry N2. In addition, different sintering temperatures can provide different 
CCTO microstructures, densities, and defects, which can respond differently to ambient 
conditions as well.  
Therefore, complex impedance of the CCTO ceramics with different microstructures 
produced by sintering at different temperatures are also investigated by measuring 
dielectric properties of identical samples in different atmospheres between 23°C to 
225°C. Comparative dielectric properties measured in two different test environments of 
this study can be used as a guide for developing CCTO for possible capacitor 
applications. These results are analyzed, presented and discussed in this chapter. 
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The results of this work indicate that a large effective dielectric constant with a lowest 
loss tangent can be achieved as opposed to the value that can be observed for capacitors, 
which are used in normal ambient conditions if one can eliminate the changes of 
dielectric properties in CCTO capacitors caused by environmental conditions such as 
moisture and air.  
6.2 Experimental Procedures 
Pure CCTO powder was synthesized by solid-state reaction using stoichiometric ratio 
(1:3:4:12) of the high-purity CaCO3 (VWR, 99.95%), CuO (VWR, 99.7%), and TiO2 
(Sigma-Aldrich, Anatase 99.8%) raw materials. CCTO powders calcined at 850°C for 6 h 
were uniaxially pressed at 165 MPa into 13 mm diameter and 2.3 mm thick pellets. 
Additional information on processing is stated in experimental procedure in Chapter 4 in 
this dissertation.  
Four types of samples were prepared by sintering the pressed pellets at 1060°C (S1060), 
1070°C (S1070), 1080°C (S1070), 1100°C (S1100), and 1115°C (S1115) with the 
holding time of 5 h in air at a constant heating and cooling rate of 2°C/min. Average 
particle size for all the calcined powders was measured as 250-500 nm using Malvern 
Zeta-sizer (see Chapter 5 of this dissertation for further details).  
X-ray diffraction analysis (XRD, Bruker AXS D8 Discover) of the calcined powders and 
sintered samples was performed using a diffractometer with Cu Kα radiation. Optical 
micrographs were used to characterize the microstructure and grain size of the polished 
surface of the sintered samples. 
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Platinum electrodes were applied on as-sintered pellets and thermally cured at 600°C for 
2 h to burn off the solvent/binder.  
As explained in the experimental procedure in Chapter 4 in this dissertation, complex 
impedance (Z*=Z'-jZ") of as-prepared CCTO as a function of frequency from 1 Hz to 4 
MHz of the applied ac voltage of 100 mV were measured at various temperature from 
23°C to 225°C in air and dry N2, respectively. Three measurements were made at various 
heating/cooling cycles between 23°C and 225°C while keeping the identical samples in 
both air and dry N2 atmospheres, respectively. Before impedance measurements in N2 
atmosphere were carried out, all the samples were thermally treated by heating them up 
to 400°C in dry N2 and then evacuating the chamber for 30 minutes to remove any water 
vapor/air and back-filled with N2 at the same temperature.  
During three temperature programmed heat/cool cycles, the samples were kept in N2. At 
each heating cycle, the chamber was evacuated for 30 minutes at 225°C and back-filled 
with N2 before cooling cycles were started. Complex impedance of the leads/instrument 
impedance was separately measured and was subtracted from the data before 
interpretation. 
Table 6.1 show the description such as thickness, diameter, density, sample surface 
conditions, and testing atmosphere/temperature of the as-prepared CCTO (phase pure) 
prepared for measuring the complex electrical impedance.  
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Table 6.1. Description of the pure CCTO samples used for the analysis of 
electrical/dielectric properties.  
 
6.3 Results  
6.3.1 Complex Impedance Spectroscopy 
Impedance spectra in Figure 6.1 and Figure 6.2 are for samples S1070 and S1100, 
respectively. It is noteworthy to mention that with the same electrode material, the total 
impedance measured at 23°C in air were considerably different and unstable. Figure 6.1 
(a) and Figure 6.2 (a) clearly demonstrate that the impedance data are inconsistent at low 
frequency during prolonged exposure to air atmosphere at 23°C. As can be seen in Figure 
6.1 (a) and Figure 6.3 (a), the impedance of two samples measured at various holding 
times in air at 23°C at low frequency are changing unpredictably when the same samples 
were repeatedly measured during various heat/cool cycles. 
Impedance measured in dry N2 for both samples are shown in Figure 6.1 (b) and Figure 
6.2 (a). The total impedance observed at low frequency at 23°C in N2 is larger and highly 
reproducible when compared with the impedance of the same sample measured in air 
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atmosphere. It is evident that low frequency impedance measured in air at 23°C is very 
sensitive to testing atmosphere. Furthermore, the high frequency data for both the 
samples measured at 23°C are shown in Figure 6.1 (c) and Figure 6.2 (b). The high 
frequency arcs are coincident with each other despite their testing atmosphere suggesting 
the negligible impedance change in the bulk of the CCTO in both atmospheres.  
 
Figure 6.1. Impedance spectra of the same CCTO sample S1070 measured at 23°C in (a) 
air and (b) N2 and (c) is the corresponding high frequency data.  
 
Figure 6.2. (a) Impedance spectra of the same CCTO sample S1100 measured at 23°C in 
air and N2 and (b) is the corresponding high frequency data. 
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Figure 6.3 and Figure 6.4 show the impedance spectra measured at high temperatures 
(58°C, 89 °C, 114°C and, 171°C) for samples S1070 and S1100, respectively. Fully 
resolved semicircular arcs can be seen for both the samples at high temperatures. The 
different curves in Figure 6.3 and Figure 6.4 are from measurements done on identically 
the same samples repeatedly while heating and cooling cycles in air and N2 atmospheres 
indicating high irreproducibility of data tested in air, especially for sample S1070.  
As depicted in Figure 6.3 (a)-(d), the sample S1070 shows a large deviation of the total 
impedance when exposed to air at higher measuring temperatures compared with the 
same sample measured in dry N2. However, as one can see in Figure 6.4 (a)-(d), the 
sample S1100 shows a smaller drift in the total impedance measured at high temperatures 
in both air and N2 atmospheres because of its larger grain size.  
Interestingly, the total impedance is relatively similar, when they are tested beyond 89°C 
despite the testing atmosphere. This indicates a less sensitivity to the measuring 
atmosphere when sample S1100 was tested at high temperatures (>89°C). The high 
frequency data for both the samples were close to each other at all the measuring 
temperatures irrespective of their testing atmosphere.  
All the samples were stored at RT in vacuum oven after the treatments/measurements in 
dry N2. To observe the stability of impedance of the N2 treated samples, the complex 
impedance of the stored samples was re-measured in ambient conditions by leaving the 
same samples in air. Re-measured complex impedance of the same sample S1070 at 23°C 
(after treatment in N2 and stored in vacuum oven at RT) is shown in Figure 6.5. 
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Figure 6.3. Complex impedance plots of the same CCTO sample S1100 measured at (a) 
58°C, (b) 89°C, (c) 114°C, and (d) 171°C in both air and N2. 
 
Figure 6.4. Frequency dispersion of the dielectric constant (ε′) of the same sample S1070 
measured at temperatures (a) 23°C, (b) 58°C, and (c) 89°C in both air and N2. 
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Various arcs in Figure 6.5 (a) are for repeatable measurements for the same S1070 
sample in air atmosphere. A large variation in the impedance spectra at low frequencies 
confirm the unpredictable nature in air. However, re-measured high frequency data of the 
same S1070 are negligibly changed due to air atmosphere as shown in Figure 6.5 (b).  
 
Figure 6.5. (a) Impedance spectra of the same CCTO sample S1070 re-measured in air at 
23°C and (b) corresponding high frequency data.  
Above observations further indicates that a stable low frequency impedance measured in 
dry N2 seems to be associated with the elimination of mobile ion species due to moisture 
or air exposure on CCTO GBs, sample surface, on defects, etc. of all the samples. 
To clearly see the values of real (Z') and imaginary (Z") parts of the complex impedance 
as function of frequency and temperature measured in dry N2, Z' and Z", respectively of a 
chosen sample S1100 are shown in Figure 6.6 (a) and (b). Here, Z' and Z", respectively 
represent the energy dissipation due to dc resistance and the energy storage of the sample. 
As shown in Figure 6.6 (a), Z' is decreasing as the temperature increasing. At low 
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frequency, the value of dc resistance (Z') is large and it is decreased upon increasing the 
frequency.  
As can be seen Figure 6.6 (b), Z" is also decreasing abruptly when increasing the 
temperature at low frequency with no change of its value at high frequency. A dominant 
single peak value of the Z" (at which ωRC=1) represents the maximum of the Cole-Cole 
diagram. Peak values of Z" is shifted to high frequencies when increasing the measuring 
temperatures.  
In the present work, similar frequency and temperature dependent Z' and Z" curves for all 
the samples could be observed (not shown here) despite the measuring atmosphere.  
 
Figure 6.6. Frequency and temperature dependent of (a) real (Z') and (b) imaginary (Z") 
parts of the complex impedance of S1100.  
In the current study, a single impedance semicircular arc was observed with no obvious 
electrode effect in both air and N2 atmospheres throughout the measuring temperatures 
for all the samples when they were tested with the same platinum electrode.  
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Therefore, impedance data were analyzed using modified Cole–Cole function derived for 
two parallel RC circuits connected in series to account for the depressed semicircles for 
the grain and GB contributions of each sample [60].  
In the present study, the impedance analysis was carried out using a Microsoft Excel 
Solver with the numerical least-squares minimization as explained in Chapter 4 of this 
dissertation. We minimized the root sum of squares of relative deviations between 
measured data and expected values.  
The capacitances were determined by the maximum of each arc at which ωRC=1, where, 
ω=2πfmax is the angular frequency and fmax is the peak frequency [60]. In the present 
work, the fitted values are obtained for samples S1070 and S1100 are shown in Table 6.2. 
Grain resistance, GB resistance, and GB capacitance are shown as Rg, Rgb and Cgb, 
respectively. 
As can be seen in Table 6.2, the impedance measured at 23°C depicts a range of Rgb 
values in air atmosphere. However, this variation of Rgb is relatively negligible when 
both the samples are measured in N2 atmosphere. Highly resistive barrier layers are 
indicated by much larger Rgb values in the sample S1070 compared with sample S1100. 
Additionally, the average Rgb values are comparable in both the atmospheres for the 
S1070. The sample S1100 shows higher Rgb at 23°C when measured in dry N2 compared 
with the same sample measured in air atmosphere.  
Still, both the samples show a large variability of Rgb values when measured in air. 
Conversely, at high measuring temperatures (>89°C), Rgb values are relatively 
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unaffected by the surrounding atmosphere for both the samples. Comparable Rg values 
indicates the stability of bulk (intra-grain) properties regardless of the testing 
atmospheres for both the samples. Therefore, GBs seem to play an important role in 
measured dielectric properties of sample tested in air. 
Table 6.2. Fitted values of grain resistance (Rg), grain boundary resistance (Rgb), grain 
boundary capacitance (Cgb), and peak frequencies (fmax) measured in air and dry N2 
atmospheres at various ambient temperatures for samples S1070 and S1100. 
 
Total impedance has decreased significantly when the temperature is increased from 
23°C to 225°C for both the samples despite the measuring atmospheres. Position of the 
maximum of the arcs is shifted to higher frequency when increasing the temperature from 
23°C to 225°C regardless of the atmosphere. This shifting indicates the thermally 
activated electrical response for both the samples.  
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Interestingly, Cgb is relatively stable and temperature-independent in N2 atmosphere at 
all the temperatures while it is stable in air atmosphere only beyond 89°C for both the 
samples suggesting the role of moisture/air on the GB capacitance.  
Average grain size of the samples S1070 and S1100 determined as explained in the 
results in Chapter 5 was found to be 5 μm and 7 μm, respectively, indicating larger sized 
grains for sample S1100. 
The frequency dependent dielectric properties were also studied on samples exposed to 
different atmosphere as described below. 
6.3.2 Dielectric Properties 
Dielectric constant (ε') was measured at various temperatures from 23°C to 225°C in air 
and dry N2. Figure 6.7 and Figure 6.8 show the ε' measured at various temperatures 
(23°C, 58°C, and 89°C) as a function of frequency for the samples S1070 and S1100, 
respectively.  
A frequency independent plateau region can be seen from 100 Hz to 1 MHz for both the 
samples in dry N2. Irreproducible behaviors of ε' observed at frequencies from 1 Hz to 
below ~1 MHz in air atmosphere at low temperatures (23-58°C) are eliminated by 
changing the measuring atmosphere from air to N2 for both the samples. However, ε' 
became relatively stable for both the samples by increasing the temperature to 89°C 
irrespective of the exposed atmospheres.  
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Figure 6.7. Frequency dispersion of the dielectric constant (ε′) of the same sample S1070 
measured at temperatures (a) 23°C, (b) 58°C, and (c) 89°C in both air and N2. 
 
Figure 6.8. Frequency dispersion of the dielectric constant (ε′) of the same sample S1100 
measured at temperatures (a) 23°C, (b) 58°C, and (c) 89°C in both air and N2. 
Figure 6.9 and Figure 6.10 show the loss factor, ε′′ (imaginary part of the complex 
permittivity) of various samples that were measured at 23°C in both air and dry N2 
atmospheres as a function of frequency. As depicted by Figure 6.9 (a), S1070 shows a 
large discrepancy of the ε′′ measured in air at frequencies <1MHz. However, this low 
frequency dispersion observed in air atmosphere has suppressed by changing the 
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measuring atmosphere from air to N2. At very high frequencies, the loss factor is merged 
indicating stable high frequency dielectric loss despite the measuring atmosphere. 
Despite the measuring atmosphere a large increase of dielectric loss factor is indicated by 
the slope ε′′ toward 1 Hz.  
 
Figure 6.9. Frequency dispersion of the dielectric loss factor (ε′′) of the same sample 
S1070 measured at temperatures (a) 23°C, (b) 58°C, and (c) 89°C in both air and N2. 
 
Figure 6.10. Frequency dispersion of the dielectric loss factor (ε′′) of the same sample 
S1100 measured at temperatures (a) 23°C, (b) 58°C, and (c) 89°C in both air and N2. 
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One can distinguish the dielectric relaxation steps by observing the shapes of the real part 
(ε') and the imaginary part (ε") of the complex dielectric function (ε*=ε'+ jε"), which are 
plotted as a function of frequency. Presence of high frequency loss peak in the current 
samples can be due to the relaxation of dipoles (mobile charge carriers that do not 
involve long range motion) which are related to the bulk properties [50, 140, 141]. 
Higher the frequency, molecular orientation time is reduced and hence polarization 
cannot follow the externally applied. This contribution is time-dependent i.e. frequency 
dependent and dependent on the type of material [50]. The low frequency relaxation is 
associated with the losses due to ohmic conductivity and/or relaxation of space charge 
polarization associated with transportation of charge carriers that are moving a longer 
distance [50].  
Dipoles relaxational processes are identified by the peak of the imaginary part (ε") and 
step like decrease in the real part (ε') of the complex dielectric function (ε*=ε'+ jε") when 
increasing the frequency. In contrast, the conductive losses show an increase of 
imaginary part (ε") when decreasing the frequency as shown in Figure 6.11 (a). Pure 
ohmic conduction process as seen schematically in Figure  6.11 (a) at which the real part 
(ε') is frequency independent while imaginary part shows a negative slope [142]. The low 
frequency slope of the curve log ε′′ vs. log ω is close to (-1) indicating the predominance 
of the dc conduction in this frequency region in Figure 6.11 (a). However, due to the 
presence of both conductive losses and space charge polarization at low frequencies, the 
slope of the imaginary part (ε") is greater than negative one (˃-1) while real part (ε') show 
step like increase at low frequencies as indicated schematically in Figure 6.11 (b).  
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Figure 6.11. (a) Pure ohmic or (b) non ohmic conduction. Due to non ohmic conduction, 
GB or electrode polarization is observed [142]. 
To find the further evidence of relaxation of charge carries, frequency dependent ε' and ε" 
of measured at various temperatures in N2 were further studied. Figure 6.12 shows the ε' 
of a chosen sample S1100 measured at various temperatures in N2 atmosphere. As can be 
seen in Figure 6.12, there are two reduction steps in the ε' accompanied by two plateau 
regions.  
The first plateau at high frequencies can be attributed to defect induced polarization at 
grains. In all the investigated CCTO samples even at high temperatures, it is evident that 
there is a second charge-transport process that leads to a second plateau at low 
frequencies despite the measuring atmosphere. The second plateau is becoming wider and 
temperature independent when increasing the temperature. An increased value of the 
second plateau at low frequency is due to the space charge polarization at GBs. ε' related 
to the space charge polarization is slightly increased at high temperatures compared with 
the ε′ at 23°C as shown in the Figure 6.12 (a). Therefore, energy storage in the CCTO 
under study can be due to both dielectric polarization and charge accumulation.  
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As can be seen Figure 6.12 (a), the ε′ related to space charge effect (second plateau at low 
frequencies) is shifted to higher frequencies indicating the thermal activation of charge 
carriers. Increasing the temperature has increased the low frequency ε′ slightly while the 
first plateau at high frequencies (defect induced dipoles) remained unchanged.  
In the current experiments, in the low frequency second plateau region, dielectric loss 
factor (ε") is increasing abruptly with increasing the temperature while high frequency 
relaxation peak is barely changed as seen in Figure 6.12 (b). Loss factor (ε") is orders of 
magnitude larger than the dielectric constant (ε') at low frequencies toward 1 Hz for both 
the samples. This indicates that the total dielectric loss is not only due to space charge 
relaxation, but also due to conductive losses. When increasing the frequency of the 
applied electric field, losses related to increased dipole relaxation losses because charge 
carriers cannot keep up with the applied field. 
Presence of large increase of the dielectric loss factor in both S1070 and S1100 can 
therefore be attributed to the combined effect of conductive losses and space charge 
relaxation losses. Presence of large conductive losses in CCTO dielectric materials, 
which is placed between two platinum electrodes on the other hand indicates that there is 
a partial blocking of charge carriers at GBs and no barrier layer is formed at the sample–
electrode interface to inhibit the migration of free charge carriers (i.e. it is a non-blocking 
electrode in the current experiments). Therefore, at lower frequencies, conductive losses 
are possible due to the non-blocking electrode and/or partial blocking of GBs. Upon 
increasing the frequency, contribution from charge carriers are low and hence low ε" is 
reached to a minimum value.  
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Figure 6.12. Frequency dispersion of the (a) dielectric constant (ε′) and (b) dielectric loss 
factor (ε") of the same S1100 measured from 23°C to 115°C in N2.  
Dielectric properties were further studied by analyzing tan δ, which indicates the ratio of 
the lossy to the lossless component (ratio ε"/ε′) in the application of AC electric field. 
Figure 6.13 (a)-(c) and Figure 6.14 (a)-(c) show the frequency dependence of tan δ of the 
two CCTO samples measured at 23°C, 58°C, and 89°C, respectively. The frequency 
dependence of tan δ exhibits a minimum at the frequency around which the dielectric 
constant shows a plateau region for both the samples.  
In air atmosphere, tan δ observed at 23°C is much larger and inconsistent than that 
measured in N2 for both the samples. Much smaller tan δ at 23°C in dry N2 than in air 
implies that the conductive mobile charge carriers from air atmosphere has been 
eliminated. Hysteresis observed at 23°C due to surrounding ambient atmosphere has also 
been eliminated by increasing the temperature (58-89°C). As can be seen in Figure 6.13 
and Figure 6.14, when both the samples are exposed to dry N2 at low temperatures (23-
58°C), tan δ values are less than 0.1 over a wide frequency range (100 Hz to 180 kHz) 
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were observed. However, dielectric loss is much smaller, ~0.01, over a narrow frequency 
range when the same samples were exposed to N2 atmosphere at 23°C.  
 
Figure 6.13. Frequency dispersion of the tan δ of the same sample S1070 measured at 
temperatures (a) 23°C, (b) 58°C, and (c) 89°C in both air and N2. 
 
Figure 6.14. Frequency dispersion of the tan δ of the same sample S1100 measured at 
temperatures (a) 23°C, (b) 58°C, and (c) 89°C in both ambient air and N2. 
Table 6.4 shows that the dielectric loss related to the minima of both the samples is 
greatly reduced by switching the testing atmosphere from air to dry N2 at 23°C despite 
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their sintering temperatures. Minima observed at 23°C has been shifted to lower 
frequencies when the measuring atmosphere is changed from air to N2 for both the 
samples. Increasing the temperature from 23°C to 114°C, the minimum tan δ values are 
relatively unaffected by the atmosphere. 
Table 6.4. Minimum values of dielectric loss measured in air and N2 atmospheres for 
samples S1070 and S1100. 
 
Value of tan δ is increased when increasing the temperature from 23°C to 114°C in N2 for 
both the samples while the opposite behavior is observed in air atmosphere. The sample 
S1100 shows the lowest tan δ at 23°C when exposed to dry N2 at 23°C. Large-ε′ is 
retained with the minimum values of loss tangent when the same samples were measured 
at high temperature (114°C) despite the testing atmosphere. However, ε′ is much stable 
when CCTO are exposed to dry N2 especially at low temperatures (23°C). A large ε′ even 
at high measuring temperatures indicates its temperature stability.  
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Table 6.5 shows comparison of the minima values of tan δ of all the samples (S1080, 
S1070, S1080, S1100, and S1115) tested in air and dry N2 at 23°C in this research. As 
presented in Table 6.5, tan δ of all the samples are greatly reduced by switching the 
testing atmosphere from air to dry N2 at 23°C despite their sintering temperatures. 
Samples S1070, S1080, and S1100 show very small minima values of tan δ at 23°C with 
a relatively large ε′ when exposed to both N2 and air atmospheres at 23°C.  
A relatively stable ε′ can be seen with a small standard deviation when all the samples 
were exposed to N2 despite their sintering temperatures. As presented in Table 6.5, the ε′ 
related to the minima of tan δ of sample S1100 attains the highest value of all in both dry 
N2 and air atmospheres. The sample S1080, which showed a relatively smaller relative 
density (91%) attains the lowest value of tan δ at 23°C in dry N2.  
Table 6.5. The lowest values of loss tangent and corresponding dielectric constants (ε´) 
observed for various samples S1060, S1070, S1080, S1100, and S1115 when exposed to 
air and N2 atmospheres at 23°C. 
 
Although S1060 has a large relative density (93%), it has the lowest ε′ and the highest tan 
δ values in both the atmospheres when compared with other samples. Therefore, CCTO 
sample S1060 was excluded from further analysis and investigations at high temperatures 
in this work. On the other hand, despite the relatively homogeneously distributed grains 
94 
 
and GBs among all samples (as explained in Chapter 5 of this dissertation), S1115 shows 
a relatively smaller minimum value of tan δ (0.026) than S1060 accompanied by much 
larger ε′′ at 23°C.  
6.3.3 Electrical Conductivity Measured in Dry N2  
As explained in the experimental procedure in Chapter 4, the DC conductivity, σ = t/(AR) 
of a ceramic sample, where, t is the sample thickness, A is the cross sectional area of 
electrode, and R is the real part of the impedance, can be expressed in terms of the 
reciprocal of the measuring temperature (1/T) by an Arrhenius relation [133], 
𝜎 = 𝜎0 exp(−𝐸𝑎 𝑘𝐵𝑇⁄ ) or R=t/(A σ) 
Where, σ, σ0, Ea, and kB are the DC conductivity, the pre-exponential factor, the 
activation energy, and the Boltzmann constant, respectively.  
A linear relationship between ln R (DC resistance) and 1000/T, was displayed for 
samples measured in dry N2 as shown in Figure 6.15 (a) and (b) for the samples S1070 
and S1100, respectively. The DC conduction activation energy of grain and GBs are 
shown as Eg and Egb, respectively.  
Both the samples show relatively similar activation energies for both the grains and GBs 
irrespective of their sintering temperatures. Activation energies for intra-grain conduction 
of this study are closer to the typical reported values of 0.08 eV [9] and 0.084 eV [82]. 
GB activation energies are also comparable for the typical reported values 0.60 [9] and 
0.678 eV [82] for CCTO.  
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Figure 6.15. DC resistances of grain boundary and grain as a function of temperature 
measured in N2 for (a) S1070 and (b) S1100. 
It is preferable to plot the complex conductivity (ac conductivity, σac) as commonly 
reported for high conducting material CCTO ceramics when dealing with its charge 
carrier system [143]. Complex conductivity is useful to find evidences for a second 
charge-transport process that leads to a second plateau in the frequency-dependent 
conductivity. Therefore, ac conductivity of all CCTO samples in this research were 
evaluated using the expression σac=ωε0ε′′ [143].  
AC conductivity of S1070 and S1100 are shown in Figure 6.16 exhibit the systematic 
change in ac conductivity with temperature at different frequencies. As seen in Figure 
6.16, two different regions; a nearly-frequency independent ac conductivity region and 
then increase of the ac conductivity with frequency can be seen in both the samples. The 
ac-conductivity is very small at lower temperatures in comparison to that of high 
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temperatures for all the samples. A decrease of σac (hence large resistance) toward 1 Hz 
indicate blocking of the charge carriers involved at low frequencies. Increasing the 
frequency, σac increases indicating the mobility of charge carriers and merged at high 
frequencies indicating the bulk responsibility.  
 
Figure 6.16. AC conductivity as a function of frequency for the as-prepared samples (a) 
S1070 and (b) S1100 measured in N2 atmosphere at various temperatures. 
6.4 Discussions 
The impedance analysis over a wide frequency range showed consistent impedance 
spectra when measured in N2 than in air atmosphere for both the samples. For the sample 
S1070, Rgb measured at 23°C in N2 is within the range and comparable to Rgb measured 
in air. However, for S1100, Rgb value (1.2x107 Ω) is little higher in N2 at 23°C than the 
same measured in air (0.3-0.7x107 Ω). Changes in bulk resistance (Rg) due to atmosphere 
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at 23°C are relatively negligible from our experiments. When increasing the measuring 
temperature, the total resistance of CCTO was decreased in both the atmospheres.  
Authors [23] reported an unstable low frequency arc for CCTO ceramics. They argued 
that grains and GBs will not be sensitive to atmosphere when kept in air at RT. They [23] 
showed that only the impedance related to sample/Au- and In-Ga electrode-contact of 
some of the samples were sensitive to the surrounding atmosphere but not all the 
samples. They [23] observed a gradual increase of electrode contact resistance from the 
initial value of 7.7 kΩcm to 23 kΩcm and then to 75 kΩcm, respectively, after aging the 
samples in air for 4 h and then for 18 days at RT while no change were observed for the 
bulk. After annealing in air at 300°C, a large reduction in electrode resistance and 
capacitance were reported with no changes to GB or grain resistances [23].  Furthermore, 
in their study [23], modeling was carried out using three ideal RC circuits connected in 
series to account for the electrode contact, grain, and GB contributions. Authors [23] 
claimed that the electrode contact impedance can be sensitive to sample/electrode 
treatments and surrounding atmosphere if the Rgb of CCTO samples are considerably 
low. They also suggested that adsorption of oxygen at the sample electrode interface 
might play a role to alter sample electrode contact impedance. However, they did not 
measure the impedance at different testing atmosphere to verify the stability of the 
results. CCTO on the other hand is proven to be dominated by the resistance of the 
barrier layers formed at GBs [6, 7, 29] and less dependent on electrode contact resistance 
[24].  
98 
 
Our results appear to be similar to the work reported by authors [23] only in that air 
exposure makes the data more irreproducible possibly due to influence on the GB 
resistance, which is sensitive to surrounding atmosphere. It also suggests that the low 
frequency impedance cannot be attributed to surfaces (sample-electrode), which are 
sensitive to the ambient air and electrode materials used [19, 21]. 
In the current study, a single impedance semicircular arc was observed with no obvious 
electrode effect in both air and N2 atmospheres throughout the measuring temperatures 
for both the samples with the same platinum electrode. Even with the same electrode 
material used with the same sample preparation conditions, both the samples showed an 
unstable low frequency arcs when exposed to ambient air atmospheres. The impedance 
data were modeled using modified Cole-Cole function to account for the depressed 
semicircles for the grain and GB contributions of each sample. We could not produce the 
repeatable impedance spectra at RT in air even by changing the electrode material from 
silver to platinum as reported elsewhere [144, 145]. 
The results of this study demonstrated that by heating the CCTO samples in N2 at 400°C, 
one can eliminate the air, physically-absorbed moisture and associated surface ionic 
conductivity at the surfaces, GBs, and at pores to avoid unfavorable impedance 
hysteresis. Physically adsorbed moisture can change the low frequency impedance and 
dielectric constant of CCTO as reported earlier by another group [55, 56]. Therefore, the 
reason for repeatable impedance data for both the samples in N2 of the present work 
could be due to the thermal cleaning of samples to get rid of both moisture and air prior 
to impedance measurements. 
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Impedance analysis clearly shows that the resistance of GBs (Rgb) for both the samples 
are much larger than that of the grains (Rg) at all the temperatures irrespective of the 
surrounding atmosphere, which is consistent with the reported trend for CCTO ceramics 
[25]. However, the deviation between impedance spectra measured in air and N2 
atmospheres is significant at room temperature than at higher temperature for both types 
of samples with different microstructures. 
A much larger Rgb for both the samples can therefore dominate the electrical properties 
of CCTO. When an electric field is applied to such a system, migration of charge carriers 
can occur readily through the conducting grains, but it is hindered at the resistive 
boundaries leading to the charge accumulation at GBs. Increasing the temperature from 
23°C to 225°C can enhance the mobility of charge carries to overcome the barrier at GBs 
leading to decreased Rgb. Much larger activation energy for GBs and much lower 
activation energy related to grains indicate more resistive nature of the GBs than the 
intra-grain. 
Observed impedance changes in samples S1070 and S1100 can be directly related to their 
microstructures. The large number of fine grains in S1070 can increase the number of 
resistive GBs and hence can increase its overall resistance. On the other hand, a large 
average grain size and less number of resistive GBs in S1100 can lead to a lower overall 
Rgb. This is consistent with the behavior observed in CCTO ceramics by others [25]. 
Fitted impedance data (Table 6.2) showed highly conductive grains in both the samples, 
which indicates the presence of sufficient mobile charge carriers in the CCTO lattice 
[72]. 
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It is known that preparation of perovskite CCTO sintered at high temperatures will easily 
introduce intrinsic oxygen vacancies defects VO+ and VO++ into ceramic samples. These 
intrinsic defects have activation energies, which is 10-70 meV for VO+ and 100-200 meV 
for VO++, respectively [40, 75]. The activation energy of 0.62-0.63 eV for all the samples 
in the current work is within the probable ionization of VO++ activation energy level. 
These observations clearly indicate that relaxation of CCTO GBs is related to point 
defects. 
The possible charge carriers in CCTO ceramics are reported as point defects such as 
oxygen vacancies (Vo), partial charges of Ti3+/Ti4+ and Cu1+/Cu2+, which are formed 
during sintering in air at high temperatures above 1000°C [73]. Positively charged Vo, 
Ti3+, and Cu1+ are reported as acceptor centers and can introduce p-type charge carriers 
[51, 58]. The local fluctuation of these p-type carriers and electrons (n-type carriers) 
would increase the dipolar effect and contribute to the dielectric polarization [81, 82]. On 
the other hand, complex polar ordering of space charges and the hopping of electronic 
defects between them can give rise to space charge polarization at GBs and conductivity 
in CCTO as a result of energy minimization of the system [64]. 
When CCTO samples were exposed to air, ions such as H+ and OH- or some dissolved 
ions in the moisture can also increase the accumulation of charge carriers at GBs. 
Therefore, space charge polarizability at GBs can be varied depending on the 
concentration of defects in the CCTO structure [51, 58]. Accumulation of these charges 
at the highly resistive GBs can give rise to a large Cgb in the structure. Therefore, large 
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dielectric constant in air atmosphere can be attributed to the accumulation of more 
charges at the GBs.  
On the other hand, the large sized conductive grains and/or thin insulating GBs in the 
sample S1100 than in S1070 can increase the Cgb of S1100. Studies indicated that 
effective static dielectric constant of CCTO is directly proportional to the Cgb at 
frequencies much lower than the dielectric relaxation frequency [24, 133]. While another 
study predicts that if the average grain size of the sample is increased, the volume 
fraction of GBs will decrease leading to a relation εeff = εgbε0(𝐷 𝑡)⁄ , where εgb is the 
relative permittivity of GBs, which was assumed to be same as the relative permittivity of 
grains and ε0 is the permittivity of vacuum [24]. Also, D and t are the average grain size 
and average thickness of the GB region, respectively.  This implies that if the ratio D/t is 
large, it can produce a larger Cgb. Although, a detailed study of arriving at above relation 
using barrier layer capacitor model is required, our results appear to be agreeing with 
reference [24].  
Large sized conductive grains in S1100 than in S1070 can therefore be the reason for 
larger Cgb in S1100 than that of S1070. A relatively temperature independent Cgb in 
both the samples imply that the Cgb from GB does not change much with the 
temperature. Permittivity of lattice contribution to the static dielectric constant of CCTO 
is reported to be very small (~40-70) compared to that of the GBs [146]. Therefore, the 
apparent dielectric constant of the CCTO samples can be nearly equal to the permittivity 
of GBs [24]. Therefore, a much larger-ε′ observed in S1100 than in S1070 can be 
attributed to the large Cgb in S1100. 
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In the present work, a large decrease in ε′ with frequency or the relaxation behavior is 
observed at very high frequencies. One must also note that the large-ε′ observed at low 
temperatures (23-58°C) and low frequencies in air atmosphere has been suppressed and 
weakened substantially when the same sample was exposed to N2. However, the retention 
of a large-ε′ even at high measuring temperatures indicates the temperature stability of 
the ε′ of CCTO samples in both the atmospheres despite their sintering temperatures. 
In our experiments, we did not see an increased dielectric loss due to N2 atmosphere at 
low temperatures (23-58°C). However, increased mobile charge carriers due to humidity 
can increase the electrical conductivity leading to an increased tan δ values when both the 
samples were exposed to air atmosphere [64, 146]. Reduced tan δ, stable and large-ε′ in 
dry N2 of the present study can therefore be attributed to the removal of air and mobile 
ions due to humidity that are enhancing conductivity at the GBs. Re-measuring the same 
samples in air after treating in dry N2 showed unpredictable nature of the impedance at 
low temperatures. This behavior further indicates that adsorbed moisture and/or mobile 
ions in the air has a definite role in controlling the dielectric properties of CCTO.  
It is reported earlier that even after evacuating the system at 500°C chemically absorbed 
moisture (OH-) is difficult to eliminate completely [125, 126]. Therefore, in our 
experiments, a small increase of ε′ even in dry N2 at frequencies less than 100 Hz could 
be attributed to polarization of chemisorbed moisture, which couldn’t be eliminated 
completely. This suggests that chemically adsorbed moisture could still exist in CCTO 
samples of the present study. These observations show that ambient atmosphere has an 
important effect in controlling the dielectric properties of CCTO. These discussions also 
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suggest that consistent impedance spectra, dielectric constant, and tan δ seem to be 
associated with the removal of surface moist air.  
On the other hand, the plateau at low frequencies is usually attributed to the space charge 
effect at GBs [9, 133] or electrode sample contact [139]. Since the large response time of 
the charge motion involved in the space charge accumulation is higher, they are typically 
observed at low frequencies. The polarization associated with the charge carriers that are 
accumulated on the GBs or electrodes is described by the ‘‘interfacial polarization or 
space charge polarization”, which is often seen in heterogeneous samples (such as 
conductive grains with resistive surface or GBs) [142].  
If there is no barrier layer formed at the sample–electrode interface to inhibit the 
migration of free charge carriers, it is known as a non-blocking electrode.  Interfacial or 
space charge polarization is also known as Maxwell-Wagner (MW) polarization [142]. 
MW polarization exhibits frequency dependent dielectric properties and hence the 
separation of charges at boundary layers can give rise to additional increase of the ε′.  
Presence of high frequency relaxation can be attributed to dielectric polarization due to 
mobile charge carriers that do not involve long range motion [50, 131, 141]. While the 
low frequency relaxation is from the conductivity polarization associated with 
transportation of charge carriers over a long distance [50, 131, 141]. Two relaxations in 
the current experiments can therefore be explained as the following. Space charge 
relaxation at GBs and conductive relaxation at low frequencies probably due to the 
inhibiting charge carrier migration. As the frequency increase, an intrinsic relaxation 
concerning grains appears.  
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In the current experiments, we also see “non-blocking’’ electrodes, which might be 
resulted in negligibly small MW effects due to electrode polarization despite the 
measuring atmosphere or temperature is observed. Non-blocking electrodes on the other 
hand cannot produce a RC element and hence no spike or semicircle can be seen in the 
impedance spectra, which agrees with our impedance analysis. In the current 
experiments, the associated complex impedance and permittivity can be attributed to MW 
polarization at GBs, which is so large in air atmosphere than that of N2 particularly at low 
frequencies. Fitted data in the current work showed a large capacitance for the samples 
exposed to air at 23°C implying a large accumulation of charges carriers at GBs.   
Current experiments show that a large increase of dielectric loss (both ε" and tan δ) is 
seen even in dry N2 atmosphere for all the samples at very low and at high frequencies. 
Therefore, the total dielectric loss in the current CCTO samples is the total energy loss 
due to dielectric relaxation process (space charge and dipole relaxation) and conductive 
losses [11]. 
6.5 Summary of Dielectric Properties of As-prepared Pure CCTO  
Dielectric properties on various as-prepared CCTO samples at various temperature from 
23°C to 225°C as a function of frequency shows that the nature of charge at interfaces 
(surface or GBs), their accumulation, and their contribution to polarization processes can 
be altered due to the surrounding atmosphere as we observed a large ε′ in air. Both the ε′ 
and ε′′ exhibit high value in air atmosphere reflects the effect of large space charge 
polarization and conducting motion.  
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In the current research, the dispersion in ε′′ is stronger than that in ε′ even in dry 
atmosphere implying combined effect of conductivity and space charge relaxation at low 
frequencies. Conduction (dc and ac) can be due to due to freely connected charge carriers 
and defects induced space charge and dipole relaxations. The value of ε′′ at low 
frequencies becomes very high due to free charge motion within the material. Loss factor, 
ε′′ is connected to ac conductivity relaxation at high frequencies.  
Moisture related space charges in the air can prevent a good measurement reproducibility 
and accuracy as shown by the results in the current study. On the other hand, large 
effective ε′ can be associated with large sized grains. Therefore, we propose that the 
differences of real and imaginary parts of complex relative permittivity (ε*) in all the 
samples of the current study are caused by the differences in Rgb and Cgb, which is 
changing due to the differences in microstructure and accumulation of more charge 
carriers in the ambient.  
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CHAPTER VII 
 
 
THICKNESS DEPENDENT ELECTRICAL PROPERTIES OF CCTO CERAMICS 
MEASURED IN AIR AND DRY N2 ATMOSPHERES. 
Contents published in: Ceramics International (Samarakoon et al., 2019) 
 
Chapter Abstract: Phase pure CaCu3Ti4O12 CCTO) ceramics are prepared by solid-state 
synthesis route. The effect of measuring atmospheres (air and dry N2) on the stability and 
reproducibility of electrical properties of CCTO as a function of sample thickness (as-
prepared to thinned down) is investigated. As-sintered CCTO prepared at 1080°C for 5 h 
with an initial thickness of 2.31-2.32 mm is reduced subsequently by fine grinding to 
1.835 mm and then to 1.65-1.5 mm. Large inconsistency in the impedance spectra is 
observed when the samples are measured in air despite the thickness variations. Stable 
and reproducible dielectric properties are obtained in dry N2. A relatively closer 
resistivity (~2x108 Ωcm at 23°C in N2) regardless of the sample thickness suggests the 
absence of any barrier layer at the sample surface.    Increased space charge accumulation 
at grain boundaries (GBs) leading to much larger dielectric constant (ε') was observed air 
at 23°C.   
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Increased space charge accumulation at grain boundaries (GBs) leading to much larger 
dielectric constant (ε') was observed air at 23°C.   A temperature (from 23°C to 225°C) 
and frequency (from 1 Hz to 1 MHz) independent and stable ε′ is observed when samples 
are tested in N2. Much lower tan δ values with large ε' are observed for both as prepared 
(0.010 ± 0.001 with ε′ of 9,663 ± 4 at 1.4 kHz) and the thinned down (0.015 ± 0.000 with 
ε′ of 9,352 ± 5 and 4.5 kHz) samples at 23°C in N2.  
7.1 Introduction 
Studies report that dielectric constant (ε') in CCTO is due to Barrier Layer Capacitors 
(BLCs) that are formed via sintering CCTO in air [9]. Either a thin layer at the surface or 
grain boundaries (GBs) are re-oxidized to form an insulating layer at GBs and/or sample 
surface during sintering and subsequent cooling in air. Until now, various mutually 
exclusive hypotheses for explaining the origin of BLCs either by surface effect (electrode 
sample contact and surface barrier layer) or internal barrier layers (GBs and domain 
boundaries) have been suggested in the literature.  
The origin of large ε′ in CCTO has been attributed to BLC effect originated by defects 
such as internal twining or domain boundaries [17, 147] in single crystals and GBs in 
polycrystals [8, 9]. Strong evidences from numerous studies suggest GBs as the most 
likely origin of the large internal BLCs in CCTO ceramics. Therefore, BLC effect in 
CCTO ceramics are attributed to space charge polarization at GBs giving rise to large 
effective ε′ [8, 15, 16]. Therefore, it has been established that an internal BLC structure of 
CCTO ceramics is due to conducting grains and insulating GBs.  
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In addition, a thin insulating layer at the sample surface or a surface barrier layer can also 
act as capacitors giving rise to effective ε′ in CCTO ceramics as reported by some studies. 
Two types of external barrier layers namely; surface barrier layer capacitor structure and 
sample electrode interface effects are schematically shown in Figure 7.1. Thin insulating 
layers (sample contact and surface barrier layers) can act as capacitors giving rise to 
effective ε′ in CCTO ceramics. 
 
Figure 7.1. Schematic images for the effects of resistive barriers at the interfaces between 
sample-electrode and resistive outer surface-conductive inner core on the CCTO 
dielectric properties. 
Therefore, surface barrier layers as well as sample electrode contact effect are also 
reported as possible sources that affect the overall dielectric properties in CCTO. As per 
some reports, space charge accumulation at the sample-electrode contact can create a 
blocking effect across which charge-transportation may become difficult [19, 21]. 
However, such propositions have turned out to be controversial as some reports [97] 
claimed that sample electrode contact effects are not playing a dominant role in 
controlling the dielectric properties of CCTO ceramics.  
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In contrast to the electrode effect, some studies indicated that CCTO surface barrier 
layers are formed due to the limited re-oxidation of sample interior compared with the 
sample surface during sintering of CCTO ceramics in air [20, 38]. The presence of 
gradient of the oxygen vacancies between the sample surface and the inner core due to 
inhomogeneous oxygen distribution during sintering is the suggested driving force for 
CCTO surface resistive layers [20]. 
On the other hand, CCTO ceramics and thin films are multifunctional due to its gas [123, 
135, 136] and moisture sensitivity [55, 56], respectively. However, none of the above 
studies indicate whether the dielectric measurements were conducted in a controlled 
atmosphere. Therefore, dielectric response of CCTO is hard to explain clearly and still 
the reasons for large variations in its properties require further studies for providing new 
ways to reduce variability in measured properties and high values of tan δ.  
In our recent studies [148, 149], we reported a strong influence of the ambient on the 
dielectric properties of as-prepared CCTO presumably due to the presence of moisture in 
air. A relatively stable and repeatable low temperature impedance data are obtained by 
switching the measuring atmosphere from air to dry N2. We reported earlier [148, 149] 
and as indicated in Chapter 5 of this dissertation that a very low tan δ values at 23°C can 
be obtained by measuring the various as-prepared CCTO samples in dry N2 than the same 
measured in air despite their sintering microstructure. No indication of electrode contact 
resistance were observed in the as-prepared samples in the current research despite the 
microstructural variations in the as-prepared samples. However, surface resistive barrier 
layer due to oxygen concentration gradient between as-prepared surface and sample 
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interior could still exist in the as-prepared samples and contribute to the measured 
dielectric properties. 
If one uses CCTO for miniaturization of energy storage devices such as capacitors, then it 
is achieved by reducing the thickness of the dielectric layers in a capacitor. Therefore, 
investigations of the effects of testing atmosphere on the thickness dependent dielectric 
properties may not only be able to provide important clues about the underlying 
mechanism governing the intriguing dielectric behavior of CCTO, but also be useful for 
optimizing the sample preparation conditions for intended future applications. 
However, no study is reported on the thickness dependent dielectric properties of CCTO 
samples measured in various testing environments or moisture/air free controlled 
atmospheres. Due to the discrepancy of the reported literature data even for materials 
prepared in a similar way, thickness dependent CCTO dielectric properties in various 
testing environments or in a controlled atmosphere is highly necessary for further study. 
Then one can correlate such data to already reported data and find out whether the new 
mechanisms of dielectric loss are related to surface layers. We have not seen any such 
study on a comparison of dielectric properties of as-sintered vs. thinned down samples, 
which were measured at various temperatures while exposing to moisture/air free 
atmospheres. 
Therefore, the aim of this study is to investigate the effects of the sample thickness (such 
as as-prepared and thinned down) and testing atmospheres (air vs. dry N2) on the 
dielectric properties of CCTO. The thickness dependent electrical properties of CCTO are 
measured by impedance spectroscopy of CCTO samples (as-prepared to thinned down) 
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using the same platinum electrode while testing the samples exposed to different heating 
and cooling cycles, and while exposing to air and dry N2 between 23°C and 225°C. We 
observed a much larger ε′ at 23°C with large inconsistency in the impedance spectra 
when the samples were measured in air despite the thickness variations. These results are 
analyzed and presented in this chapter.  
7.2 Sample Preparation for Complex Impedance Analysis 
As explained in the experimental procedure in the Chapter 4 of this dissertation, phase 
pure CCTO powder was synthesized by solid-state reaction using CaCO3 (VWR, 
99.95%), CuO (VWR, 99.7%), and TiO2 (Sigma-Aldrich, Anatase 99.8%). Calcined 
CCTO powders were mixed with 0.5 weight % PVB (polyvinyl butadiene) binder in 
ethanol and were uniaxially pressed at 165 MPa into 13 mm diameter and ~2.3 mm thick 
green pellets. De-binding of the pressed pellets was performed at 550°C for 2 h followed 
by pre-sintering at 950°C for 5 h. To study any effect of oxidized surface layers on the 
dielectric properties, sintering was done on green pellets S1 (2.31 mm) and S2 (2.32 mm) 
in air at 1080°C for 5 h at a constant heating and cooling rate of 2 °C/min.  
As schematically shown in Figure 7.2, surface layers of as-sintered sample (S2) were 
removed from both sides by fine grinding the two parallel sides of the pellets from its 
initial value of 2.32 mm first to 1.84 mm and then to 1.5 mm. While as-sintered surfaces 
of sample (S1) were removed from initial values of 2.31 mm to 1.65 mm. Final thickness 
of the S1 (1.65 mm) and S2 (1.5 mm) were about 29% and 35%, respectively of their 
initial thicknesses (2.31 mm and 2.32 mm).  
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Figure 7.2. Schematic of thinning down steps of sample sintered at 1080°C for 5h. 
Densities of the sintered pellets were determined using Archimedes method. Platinum 
electrodes were applied on the opposing surfaces of as-sintered pellets and were re-
applied after thinning down (S1 and S2). Electrodes were cured at 600°C for 2 h. 
Impedance spectra of as-prepared sample S1 (2.31 mm) and thinned down sample S2 
(2.32 mm, 1.84 mm, 1.5 mm, and 1.65 mm) first in air and then in dry N2 were measured 
while heating and cooling between 23-225°C for a comparative study as explained in the 
experimental procedure in Chapter 4 and Chapter 6 of the current dissertation.  
7.3 Results and Discussions 
The average particle size of the calcined and sieved powders was measured as 500 nm 
[144, 145]. Similar particle size range (250-500 nm) was observed in SEM micrographs 
as well [144, 145]. As can be seen in Figure 7.3 (also shown also in Chapter 5), XRD of 
CCTO calcined powders (at 850°C for 6 h) and sintered ceramics (at 1080°C for 5 h) 
were fully indexed to be all CCTO related peaks with no observable secondary phases.  
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Figure 7.3. XRD of calcined CCTO powders at 850°C for 6 h and sintered ceramics 
prepared at 1080°C for 5 h. 
Density of the sample sintered at 1080°C for 5 h is 4.579 ± 0.048 g/cm3 (91%). SEM 
micrographs of the as-sintered ceramics, slightly polished surface, and thinned down to 
sample interiors are shown in Figures 7.4 (a), (b), and (c), respectively. All three images 
in Figure 7.4 within which islands of isolated small sized grains (1-2 µm) are present 
despite the thickness variations (as-prepared or thinned down). The polished sample 
shows some grain pull outs during polishing. The average grain size of the sample is ~5 
µm (4.57 ± 0.23 µm).  
Due to the differences in the oxygen vacancy concentration, limited re-oxidation of grain 
interior and oxidized GBs or surfaces are possible in CCTO resulting an inhomogeneous 
charge carrier concentration in the sample surface and grain interior [9]. Another study by 
authors [38] showed that surface layers originated by segregation of Cu-rich phase during 
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sintering can be removed upon thinning down of the outer surface layers of the pellet 
samples.  
 
Figure 7.4. SEM micrographs of CCTO prepared at 1080°C for 5 h (a) as-sintered, (b) 
polished (closer to the as-sintered surface), and (c) thinned down into the interior of the 
sample (middle). 
Therefore, we carried out EDS of each sample shown in Figure 7.4 to find out the 
compositional variations from sample surface to the interior.  
Table 7.1 shows the distribution of all the elements from locations shown in Figures 7.4 
(a), (b), and (c). EDS of as-prepared and slightly polished sample surfaces in Figure 7.4 
(a) and (b) show stoichiometric ratio of Ca:Cu:Ti:O, which is 1:3:4:12 indicating no 
compositional variations in sample surface, intra-grain and inter-grain of as-prepared 
samples.  
Typical inter-grain regions with two or three GBs in Figure 7.4 (c) indicated by locations 
II and IV and the intra-grain region (I) show slightly reduced oxygen concentration 
(1:3:4:10) but not significant.  
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Table 7.1. Distributions of all the elements of CCTO at different location points shown in 
Figure 7.4 (a), (b), and (c). 
Element X 1 2 3 I II III IV 
Ca 5.3 5 5.2 5.2 5.6 5.6 5.1 5.6 
Cu 15.0 14.6 14.9 15.3 16.6 15.9 15.1 16.6 
Ti 20.8 20.1 21.2 21.4 23.1 22.3 20.7 22.8 
O 58.0 60.3 58.6 57.9 54.5 56.1 59.1 54.8 
Figure 7.5 shows EDS elemental mapping of the same thinned sample (shown in Figure 
7.4 (c)) showing a homogeneous distribution of all the elements even in CCTO sample 
core. 
 
Figure 7.5. Element mapping of the thinned down sample shown in SEM image in Figure 
7.4 (c) prepared at 1080°C for 5 h. 
Cole-Cole plots of the CCTO as-prepared S1 (2.31 mm) and S2 (2.32 mm) as well as 
thinned down samples S1 (1.65 mm) and S2 (1.84 mm, and 1.5 mm) are measured at 
23°C in air and N2 atmospheres are shown in Figure 7.6 (a) and (b), respectively. Figure 
7.6 (a) shows much closer impedance arcs when S1 and S2 were measured in air at 23°C. 
As we know bulk resistance of the CCTO pellets is related to its thickness (t), surface 
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area (A), and resistivity (ρ) by R=(tρ)/A. Therefore, the total resistance (R) observed at 
low frequencies in the complex impedance diagram should decreases as the sample 
thickness is reduced. However, when the thickness of S2 was reduced and tested in air at 
23°C, thicker (1.84 mm) sample show a smaller arc compared with the thinner sample 
(1.5 mm). Moreover, thinner samples S1 (1.65 mm) has a larger arc than the thick sample 
S2 (1.84 mm) showing a large discrepancy when they were exposed to air atmosphere.  
However, after switching the measuring atmosphere from air to dry N2, thicker sample 
(1.84 mm) show a large arc than both the thinner samples (1.65 mm and 1.5 mm). As 
seen in Figure 7.6 (b), impedance arcs of thicker S1 and S2 are relatively closer due to 
small variations in their thickness 2.31 mm and 2.32 mm, respectively. Above 
observations indicate that in air atmosphere, impedance data are irreproducible despite 
the changes in the surface conditions (such as as-prepared or thinned down).  
As reported by authors [55, 56], an increased impedance can be seen in the CCTO 
ceramics when the ionic conductive species related to physically adsorbed moisture is 
reduced. This is also the case when samples S1 and S2 were measured in dry N2 in the 
current experiments. Relatively large arcs can be observed in N2 atmosphere than in air 
atmosphere despite the thickness variations as can be seen in Figure 7.6 (b).  
Interestingly, as can be seen in Figure 7.6 (c), no significant change in high frequency 
arcs is observed due to measuring atmosphere. At high frequencies, real part of the 
complex impedance (Z') is decreasing when the sample thickness is decreasing despite 
the measuring atmosphere, as expected. This indicates that only the low frequency 
impedance is sensitive to the measuring atmosphere despite the thickness changes. This 
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behavior is the same for the as-sintered samples of our previous studies published [148, 
149] and as discussed in Chapter 6 of the current dissertation.   
 
Figure 7.6. Impedance spectra of the same CCTO samples S1 and S2 measured at 23°C in 
(a) air, (b) N2 and (c) is the corresponding high frequency data from (a) and (b). 
Thin insulating CCTO surface barrier layers are formed during sintering CCTO in air at 
very high temperatures (>1000°C) [9]. In the current experiments, surface layers are 
removed by grinding and are therefore absent in the thinned down samples. Large 
impedance arcs of the thinned down samples in dry N2 at 23°C compared to the same in 
air indicates that observed changes are not related to surface resistive layers of current 
samples. In this study before all the samples were introduced into the N2 atmosphere, a 
thermal cleaning procedure was employed to remove the air and moisture by evacuation 
at 400°C and then exposed to dry N2 atmosphere. Therefore, large arcs observed in dry 
N2 can be attributed to removal of the air/moisture.  
Since the impedance measurements are not stable in air atmosphere at 23°C despite the 
thickness, thickness dependent impedance spectra of S1 and S2 are further studied at high 
temperatures between 58°C and 225°C in dry N2. Figure 7.7 (a), (b), and (c) show the 
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impedance spectra of S1 as-prepared (2.31 mm) and thinned down (1.65 mm) measured 
at 58°C, 89°C, and 114°C in N2, respectively. As can be seen in Figures 7.7 (a) and (b), 
there is a variation of the total impedance between thin (1.65 mm) and thick (2.31 mm) 
CCTO samples at high temperatures (58-114°C). Thinner S1 shows a decreased total 
impedance compared to the thick S1 at high temperatures in N2. Total impedance of both 
the samples are decreasing upon increasing the temperature from 58° to 114° as indicated 
by decreased diameter on the real axis (Z').  
Some authors [23, 139] showed that as-prepared CCTO sample electrode contact 
impedance is sensitive to oxygen in air atmosphere and hence can affect the stability of 
the electrical properties when CCTO are aged in air (due to oxygen adsorption). They 
observed additional low frequency arc related to sample-electrode contact effect.  
In the present experiments, no electrode and sample contact related impedance second 
arcs are seen even at high temperature (up to 225°C) either in the controlled N2 or in air 
atmospheres despite the thickness variations. On the other hand, one strong overlapping 
peak is observed indicating the presence of dominant single relaxation response in both 
samples S1 and S2. As the temperature increases, the peaks of Cole-Cole plot shift to 
higher frequencies and gets lowered in intensity (Z" values). This indicates that electrical 
responses of both samples S1 and S2 are thermally activated. However, these variations 
are not related to sample and electrode contact effect, which is changing with the sample 
thicknesses.  
Therefore, possible blocking layer at the sample/electrode interface is negligible in the 
current study. This fact implies that the samples studied contain many highly resistive 
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layers presumably at GBs. Therefore, impedance spectra with depressed semicircles were 
analyzed using an equivalent circuit consisting of two parallel RC circuits connected in 
series to represent the contribution from grains and GBs, respectively [60].  
 
Figure 7.7. Complex impedance plots of the same CCTO samples S1 measured at (a) 
58°C, (b) 89°C, and (c) 114°C in N2. 
DC resistance (R) values can be obtained from the intercept on the real axis (Z′), which is 
the diameter of each semi-circle. The capacitance (C) can be determined by the maximum 
of each arc at which ωτ=1 and τ=RC where, τ is the relaxation time and ω=2πfmax is the 
angular frequency and fmax is the peak frequency [60]. Fitted values of grain resistance 
(Rg), GB resistance (Rgb), GB capacitance (Cgb), peak frequencies (fmax), and resistivity 
of samples S1 and S2 (measured in N2) are summarized in Table 7.2.  
As shown in Table 7.2, the total impedance (Rgb plus Rg) of as-prepared sample (2.31 
mm) is larger than that of thinned down sample (1.65 mm) at all temperatures. Total 
resistance is steadily decreased when increasing the measuring temperature for both the 
samples. Much larger Rgb>>Rg implies the presence of highly resistive GBs in both 
samples S1 (2.31 mm and 1.65 mm) that are dominating the overall resistance despite the 
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thickness variations of the CCTO. Upon reducing the thickness of as-prepared sample 
from 2.31 mm to 1.65 mm, Rgb measured at 23°C has decreased slightly from 4.2x107 Ω 
to 3.6x107 Ω. 
Table 7.2. Fitted values of grain resistance (Rg), grain boundary resistance (Rgb), grain 
boundary capacitance (Cgb), and peak frequencies (fmax) of sample S1 as-prepared (2.31 
mm) and thinned down (1.65 mm) and measured in dry N2 at various ambient 
temperatures. 
 
Some authors [28] suggested that current can detour across the material if the CCTO 
ceramics has a duplex microstructure. Application of electric field through such a 
microstructure can be restricted across the islands of small grains due to large number of 
resistive GBs resulting in varied electrical properties as a function of pellet thickness. 
Therefore, by reducing the thickness evenly from both sides of the as-prepared sample 
can change the number of serially connected active GBs between sample and the 
electrode. In such a case, Rgb, which is obtained from the low frequency arc of the 
impedance spectrum can be dependent on sample thickness.  
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Therefore, in the current samples as the thickness is decreased the number of oxidized 
GBs can be varied due to heterogeneous grain size distribution. Therefore, for the same 
GB thickness, upon thinning down the sample, a smaller number of highly resistive GBs 
can lead to slightly smaller Rgb in thinner S1 (1.65 mm) than the thicker sample.  
Some authors [124] suggested that if the surface resistivity of CCTO is as high as 1.2x108 
Ωcm, then the mobile space charges may be absent on the surface at RT and hence 
electrode-contact related barrier layers are difficult to form despite the changes in the 
electrode materials. While others [20, 38] showed that surface barrier layers can be 
modified by changing the oxygen concentration by heat treatments in O2 and N2 at very 
high temperatures (800°C). They [20] reported that the as-prepared CCTO surface is less 
oxygen deficient and hence less conductive, while the inner core is more oxygen deficient 
and hence more conductive.  
In the current samples, relatively closer and much larger resistivity values (~2x108 Ωcm) 
can be seen in both samples S1 (2.31 mm and 1.65 mm) despite the surface conditions 
(as-prepared or thinned down) when exposed to N2 at 23°C. Even after removal of the 
surface layers, the similar resistivity of the as-prepared (outer) and thinned down (inner 
core) surfaces suggest that the observed changes are not related to either the surface BLC 
effect or sample-electrode contact effect.  
Increasing the temperature has shifted the peak frequencies to higher frequencies 
implying the thermal activation of charge carriers. Time constant for GB relaxation (τgb), 
which is estimated from peak frequencies as τgb =RgbCgb has slightly increased from 
~0.165 S to 0.197 S at 23°C, when reducing the thickness from 2.31 mm to 1.65 mm. 
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Increasing the measuring temperature has decreased the GB time constant (τgb 
=RgbCgb) of both the samples due to reduction of Rgb by increased temperature. 
Cgb of both samples remains practically unchanged as the measuring temperature is 
increased. However, Cgb has increased from ~4 nF to 6 nF as the sample thickness is 
decreased from 2.31 mm to 1.65 mm. This is because Cgb was estimated using Cgb = 
τgb/Rgb, in which Rgb was smaller for the thinner sample. Therefore, Cgb is bit larger 
for the thin sample (1.65 mm) than the thick sample (2.31 mm). This assumption is 
consistent with the large Rgb in the thick samples of the current study. 
The dc conductivity, σ = t/(AR) of a ceramic sample where, t is the sample thickness and 
A is the cross-sectional area of the electrode, can be expressed in terms of the reciprocal 
of the measuring temperature (1/T) by an Arrhenius relation [133], 
σ = σ0 exp(−Ea kBT⁄ ) 
Where, σ, σ0, Ea, and kB are the DC conductivity, the pre-exponential factor, the 
activation energy, and the Boltzmann constant, respectively. A linear relationship 
between ln (R) and 1000/T is displayed as shown in Figure 7.8 (a) and (b), respectively, 
for samples S1 with different thickness. The dc conduction activation energy of grain and 
GBs are shown as Eg and Egb, respectively.  
Both the samples show relatively comparable activation energies for grains, regardless of 
their thicknesses. Activation energies of intra-grain conduction of this study are also 
closer to the typical reported values of 0.08 eV [9] and 0.084 eV [82].  
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Changes in GB activation energies are slight for samples 2.31 mm (0.621 eV) and 1.65 
mm (0.647 eV) and are comparable with the typical reported values 0.60 [9] and 0.678 
eV [82] for CCTO. Large GB activation energy of both samples than the same of their 
grains indicates that the resistance of the GBs dominates the electrical properties of 
CCTO samples despite the thickness variations. Therefore, thickness reduction 
experiments of the current study do not show dramatic influence on dc resistance of 
grains and GBs.   
 
Figure 7.8. DC resistances of grain boundary and grain as a function of temperature 
measured in N2 for S1 (a) as-prepared (2.31 mm) and (b) thinned down (1.65 mm). 
The thickness dependent dielectric properties are further studied for samples S1 and S2. 
Figure 7.9 (a) and (b) show the thickness dependent ε′ (real part of complex relative 
permittivity, ε*=ε'+ jε") measured in air and N2 atmospheres, respectively, at 23°C. As 
can be seen in Figure 7.9 (a), a strong dispersion with a large ε′ can be seen when the 
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samples were kept in air atmosphere at 23°C despite the variations in their thicknesses. In 
both the atmospheres, high frequency dielectric response does not vary significantly to 
alter the ε′ indicating the stability of charge carriers related to grains.    
In contrast, Figure 7.9 (b) shows greatly suppressed and merged values of the ε′ into a 
plateau region with no noticeable influences of the sample thickness when switching the 
atmosphere from air to N2. This behavior is attributed to a space charge effect from 
movable ions near the GBs from air/moisture (no electrode effect was seen by the 
impedance analysis). Therefore, large ε′ in air atmosphere can be attributed to large Cgb 
due to accumulation of more charge carriers at GBs in air. Notably, upon thermal 
cleaning in N2, all the samples show reduction of accumulated charge carriers at GBs 
leading to decreased ε′. 
A study [19] showed that the dielectric properties of CCTO are sensitive to the type of 
electrode contacts and sample thicknesses, and thus, large ε′ (below 1 MHz) was ascribed 
to the formation of the barriers between the electrodes and the CCTO sample. In their 
experiments, the observed changes in ε′ due to changes in electrode-type (using brass, Ag 
and Au) and the pellet thickness (polished for two different thicknesses 0.69 mm and 0.24 
mm) were attributed to space charge effect at sample-electrode contact.  
By contrast, in the present study, even for the same platinum electrode material there is 
an irreproducible dielectric property when measured in air atmosphere irrespective of the 
as-prepared or thinned down samples. On the other hand, ε′ data from samples S1 and S2 
with the same platinum electrode show a relatively stable and much closer ε′ when 
exposed to N2 atmosphere. The observation of no noticeable change to the ε′ for all the 
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samples measured in N2 indicates that there is no surface barrier layer in the current 
samples. After switching the atmosphere from air to N2, a frequency independent 
response over a wide frequency range is observed.  
 
Figure 7.9. Frequency dispersion of the dielectric constant (ε′) of the same sample S1 and 
S2 of different thickness measured at 23°C in (b) air and (b) N2 atmospheres. 
We continued to measure the dielectric properties (ε′) in N2 atmosphere at high 
temperatures as well. Figure 7.10 (a), (b), and (c) show the thickness dependence of ε′ for 
sample S1 measured at 58°C, 89°C and at 114°C. The sharp decrease of ε′ at high 
frequencies (>1 MHz) is most probably due to relaxation of dipoles related to grains. At 
higher frequency molecular orientation time is reduced and hence polarization cannot 
follow the externally applied field. The reported behavior of high frequency relaxations 
of CCTO ceramics is attributed to the relaxation of polar mixed valence cations Ti3+/Ti4+ 
and Cu1+/Cu2+ [73, 150, 151]. Upon increasing the temperature from 58°C to 114°C, no 
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noticeable shift of the high frequency relaxation for both the sample is observed (Figures 
7.10 (b) and (c)). 
On the other hand, complex polar ordering of space charges and the hopping of electronic 
defects between them can give rise to another step like increase of ε′ due to space charge 
polarization at GBs at low frequencies. Step like decrease at low frequencies is shifted to 
higher frequencies when increasing the measuring temperatures. A wide two plateaus 
(from 1 Hz to 1 MHz) indicates a relatively stable and consistent ε′ over a large range of 
frequencies when measured in N2.  
Thickness dependence of ε′ below 100 Hz is relatively small for both the samples when 
measured in N2 from 58°C to 114°C while as-prepared sample S1 (2.31 mm) shows a 
slightly larger ε′ than that of thinned down sample (1.65 mm) at frequencies greater than 
1000 Hz. However, these differences are insignificant. 
Another study [38] reported the disappearance of large ε′ upon thinning down of the outer 
surface layers of CCTO, which were found to be Cu-rich. Segregation of Cu during 
sintering [38] and oxidation near the surface [94] can change the concentration of defects 
near the surface, GBs, and grain interior, which are contributing to the polarization and 
conductivity of CCTO [50]. Dielectric spectroscopic studies [19, 21, 69] on both single 
and polycrystalline CCTO samples indicated that a large low frequency relaxation is due 
to surface layer effect. Some studies reported the instability of CCTO surface/electrode 
barrier layers. Some authors [21, 69] observed a much stable low frequency ε′ when as-
prepared sample was exposed to air compared to the thinned down sample measured in 
vacuum at RT. 
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Figure 7.10. Frequency dispersion of the dielectric constant (ε′) of the same sample S1 
with different thickness measured at (a) 58°C, (b) 89°C, and (c)114°C all in N2 
atmospheres. 
On the contrary, in this study, elemental mapping by EDS revealed no Cu-rich GBs or 
surfaces. Large variation of ε′ was observed at low frequency region when the samples 
were exposed to air at 23°C despite the variation of the thicknesses even for the same 
electrode material used. On the other hand, the ε′ of the samples S1 and S2 with the same 
electrode show a relatively stable and much closer ε′ when exposed to N2 atmosphere. 
This large low frequency variation disappeared when the measurements were performed 
in N2 at the same temperature despite the thickness variations. This implies that the 
variations in impedance and ε′ of CCTO in the current study are not due to the sample 
thickness but due to the measuring atmosphere.  
When changing the measuring atmosphere from air to N2, the large dispersion of the 
dielectric loss factor, ε′′ (imaginary part of complex relative permittivity ε*) is suppressed 
and became stable (not shown here) with no noticeable change due to thickness at 23°C. 
Therefore, the thickness dependence of ε′′ is further investigated in N2 at various 
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temperatures. Figure 7.11 (a), (b), and (c) show the thickness and frequency dependences 
of ε′′ measured in N2 at 23°C, 58°C and 89°C, respectively. A sharp increase of ε′′ at low 
frequencies (toward 1 Hz) followed by a peak maximum around ~1 MHz with a 
minimum at ~ 10 kHz is seen for both the samples despite the measuring temperatures 
and thickness.  
 
Figure 7.11. Frequency dispersion of loss factor (ε") of the same sample S1 and S2 
measured at (a) 23°C, (b) 58°C, and (c) 89°C, respectively, in N2 atmospheres. 
Dipole relaxation process is identified by the peak of the imaginary part (ε") and step like 
decrease in the real part (ε') of the complex dielectric function when increasing the 
frequency. Therefore, the presence of high frequency loss peak (>1 MHz) can be 
attributed to relaxation of dipoles due to mobile charge carriers that do not involve long 
range motion that are related to the bulk CCTO [50, 152]. Ohmic conductivity losses are 
reported to be associated with transportation of free charge carriers over the longer 
distance [50]. The dc conductive losses show an increase of dielectric loss (ε") when 
decreasing the frequency. For pure ohmic conduction process, real part (ε') is frequency 
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independent while imaginary part (ε") show a negative slope [142]. However, due to the 
presence of both conductive losses and space charge polarization at low frequencies, the 
slope of the imaginary part (ε") is greater than negative one (˃-1) while real part (ε') show 
step like increase at low frequencies.  
Therefore, a slope of ε" (a sharp increase) toward low frequencies (1 Hz) in the current 
study indicates that dielectric losses in CCTO are related to dc conduction or space 
charge relaxation. At high temperatures (from 58°C to 89°C), orders of magnitude larger 
ε′′ than ε′ toward 1 Hz indicates that the total dielectric loss is not only due to space 
charge relaxation, but also due to conductive losses. Therefore, large increase of ε′′ at low 
frequencies can be due to combined effect of space charge relaxation at GBs and 
conduction losses.  
At low frequencies toward 1 Hz, changes in ε′′ are hardly observed despite the sample 
surface conditions in either as-prepared (2.31 mm) or thinned sample (1.65 mm). 
Therefore, space charge relaxation losses related to surface barrier layers are absent in the 
current samples. It appears that there is a partial blocking of charge carriers at GBs and 
no barrier layer is formed at the sample–electrode interface to inhibit the migration of 
free charge carriers (i.e. it is a non-blocking electrode in the current experiments).  
Therefore, at lower frequencies, conductive losses are possible due to the non-blocking 
electrode and/or partial blocking by GBs. However, upon increasing the frequency, 
contribution from these charge carriers are small and therefore, a minimum value ε′′ is 
seen for both samples (2.31 mm and 1.65 mm). At the moderate frequencies around ~10 
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kHz (between 100 Hz and 1 MHz), ε′′ attains a minimum value at all the temperatures 
from 23°C to 89°C for both samples.  
At the minima, as-prepared sample (2.31 mm) has lower ε′′ values than the thinner 
sample (1.65 mm) whereas at high frequencies the contrary is observed. A slightly 
increased ε′′ of the thinner sample at the minima point indicates lower number of the less 
resistive GBs in the inner core because of the slightly oxidized (less resistive) GBs for the 
thinned down sample. This can lead to large energy dissipation due to combined effect of 
the space charge relaxation at GBs and conduction. Conduction losses for both samples 
indicate the existence of non-blocking (i.e. ohmic) sample-electrode contact and partially 
blocking GBs.  
Upon increasing the frequency of the applied electric field, ε′′ is increased because the 
charge carriers cannot keep up with the applied field. When the frequency of the applied 
field is equal to the time required for charge carriers to orient themselves in the applied 
field leading to maximum dielectric losses as can be seen at peak maxima at high 
frequencies (peak at ~1 MHz). 
Loss tangent, which is the ratio of ε′′/ε′, was also measured in air and N2 atmospheres for 
samples S1 and S2 at 23°C as a function of frequency. Loss tangent is greatly reduced by 
changing the measuring atmosphere from air to N2 despite their thickness variations (not 
shown here). The position of the minima of tan δ is also shifted toward lower frequencies 
when changing the testing atmosphere from air to N2. The behavior of the as-prepared 
sample and thinned down sample of the current study is same as our previous studies 
where changing the atmosphere from air to N2 reduced the tan δ [148, 149]. 
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Therefore, tan δ values measured at various temperatures in dry N2 were further 
evaluated. Figures 7.12 (a), (b), and (c) show the frequency dependence of tan δ for 
sample S1 measured in N2 at 23°C, 58°C and at 89°C, respectively. Relatively larger tan 
δ values are observed for both S1 samples (2.31 mm and 1.65 mm) at low frequencies 
(<100 Hz) and at high frequencies above (>1 MHz). However, at low frequencies (<100 
Hz) both the samples do not show a significant change due to thickness variations. A very 
small change of tan δ at low (<100 Hz) frequencies indicates an almost identical increase 
in the real (ε') and imaginary (ε") parts of the ε* (ε*=ε'+ jε") in various thickness of 
sample S1. 
 
Figure 7.12. Frequency dispersion of tan δ of the same sample S1 measured at (a) 23°C, 
(b) 58°C, and (c) 89°C in N2 atmosphere. 
On the contrary when decreasing the as-prepared sample thickness, a slightly decreased 
tan δ is observed at high frequencies (>1 MHz). However, at high frequencies (>1 MHz) 
the dielectric loss peak position is unchanged despite the sample thickness. In both the 
samples, tan δ is varied through a minimum at moderate frequencies centered between 
100 Hz and 1 MHz. A slightly increased minima tan δ value in thin S1 sample (1.65 mm) 
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can be attributed to a decreased contribution from the GB resistance (increased 
conductance) for thinner samples (less number of GBs). 
Table 7.3 shows the lowest value of tan δ related to the minima measured in N2 for 
samples S1 (2.31 mm and 1.65 mm). Corresponding frequencies, ε′, and ε′′ related to the 
minima are also included for comparison. Frequency at which minimum tan δ is observed 
is shifted to higher frequencies with increasing temperatures from 23°C to 225°C despite 
the sample thickness. The minima tan δ values are increased very slightly from 0.010 to 
0.015 when decreasing sample thickness from 2.31 mm to 1.65 mm at 23°C. Small 
changes to tan δ for both S1 can be related to slight changes in observed values of both ε′ 
and ε′′.  
If we assume that a barrier layer at GBs are contributing to the measured capacitance of 
both the samples, then the barrier layer at GB should not change with the thickness. As 
the apparent dielectric constant (ε) of the CCTO samples can be nearly equal to the 
permittivity of GBs, which lead to the relation, ε ≈ Cgb/C0 [133]. Here, Co is the 
capacitance of the vacuum. Increasing the sample thickness can increase the ε′ as 
reported for other CCTO ceramics [19] and thin films [153]. Other authors [36, 38] 
observed variations in ε′ due to thickness in the CCTO samples, which contain regions of 
fine-grains and extremely large grains, where Rgb>>Rg. Therefore, reducing the 
thickness from surface might lead to less number of more resistive GBs in duplex nature 
of CCTO as reported earlier [94] leading to lower overall GB resistance contribution to 
overall impedance. In the current study, although thinner sample (1.65 mm) has larger 
Cgb (~6 nF) than that of thick (2.31 mm) sample (~4 nF), apparent ε′ of thinner sample is 
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slightly smaller than that of thicker sample as can be seen in Table 3. This observation 
can be explained by roughly assuming the same BLC at GBs contributing to the 
measured complex impedance (Z*) across the sample thickness. A reduction in the 
number of more resistive GBs would also decrease the GB resistance slightly leading to 
slight increase of the measured value of Cgb (as Cgb = τgb/Rgb) in the thinned down 
sample (1.65 mm) as shown earlier by the impedance analysis. However, the reduction of 
number of highly resistive GBs and reduced overall dipole density (less number of charge 
carriers) can lead to a slight reduction of the apparent ε′ in the thinner sample compared 
with the same of the thick sample.   
Table 7.3. Minimum values of tan δ and its corresponding ε′, ε", and frequencies 
measured in N2 atmosphere for as prepared S1 (2.31 mm) and thinned down S1(1.65 mm) 
samples. 
 
AC conductivity (σac=ωε0ε") of samples are shown in Figure 7.13 (a) and (b) for as-
prepared and thinned down samples 2.31 mm and 1.65 mm, respectively, in N2 
atmosphere. A very large resistive behavior, which is dominated by a relatively frequency 
independent ac conductivity is seen for both the samples at lower frequencies. At high 
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temperatures, σac is increased rapidly and at 225°C, it is about 10-4 Scm-1 (or resistivity, 
ρ≈104 Scm-1). Whereas at frequencies below 100 Hz at 23°C, σac is <10-8 Scm-1. Upon 
increasing the frequency, σac is also increased and showed a dispersion for both the 
samples. Both samples show similar response with frequency and temperature. These 
observations further confirm that there is no surface layer effect based on the data on 
samples with thickness variations when measured in N2.   
 
Figure 7.13. Frequency dispersion of the AC conductivity (σac) of the same 
sample S1 (a) as-prepared (2.31 mm) and (b) thinned down (1.65 mm) measured at 
various temperatures in N2. 
Results in this chapter tend to prove that the large discrepancy and variations of dielectric 
properties reported in the literature for thickness related experiments in CCTO materials 
cannot be solely due to its sensitivity to processing, sintering conditions, and annealing 
conditions but also probably due to its large sensitivity to testing atmosphere. 
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CHAPTER VIII 
 
 
INFLUENCE OF ALUMINA DOPANT AND ENVIRONMENT ON THE 
ELECTRICAL PROPERTIES OF CALCIUM COPPER TITANATE CERAMICS 
 
 
Chapter Abstract: Calcium copper titanate (CaCu3Ti4O12; CCTO) ceramics are useful 
as capacitor dielectrics for many applications. In this study the effect of doping with 
alumina and testing atmospheres in air and dry N2 on the stability and reproducibility of 
electrical and dielectric properties of CCTO-xAl2O3 system, where x=0, 0.5, and 4wt.% 
as a function of temperature are investigated. Solid-state synthesis route is used to 
fabricate the pure and doped CCTO samples sintered at 1080°C and 1100°C for 5 h in air. 
Stable and reproducible dielectric properties are obtained only by switching the 
measuring atmosphere from air to dry N2. Increased space charge accumulation at the 
grain boundaries leading to large dielectric constant (ε') and tan δ are measured in air. 
Much lower tan δ values of 0.021-0.020 are obtained with a large ε' (8,815-11,090) at low 
frequencies (500-800 Hz) in N2 at 23°C for 0.5wt.% alumina in both samples sintered at 
1080°C and 1100°C suggesting the possibility of developing CCTO for applications as 
capacitor dielectric.
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8.1 Introduction 
Perovskite type (ABO3) CCTO microstructure is well known to be composed of semi 
conducting grains (n-type) and insulating grain boundaries (GBs) [8, 9]. Although the 
dielectric mechanism in CCTO are not completely understood until now, the origin of 
large-ε′ in CCTO ceramics has been widely attributed to barrier layer capacitance effect 
originated at GBs [9, 25]. The value of dielectric loss (tan δ) is an important parameter 
determining a dielectric material’s suitability for capacitor applications. However, a large 
value of tan δ (~0.1) in CCTO is still larger than the acceptable values (<0.01) for its 
capacitor applications [11].  
The dielectric loss and ε′ in CCTO are closely related to resistance and capacitance of 
GBs [8, 9]. Therefore, many researches have focused on optimizing GB characteristics 
via changing the processing parameters and conditions such as grain size [154], non-
stoichiometry [76], sintering conditions [38], and doping [41]. However, preparation of 
either phase-pure or doped-CCTO materials with a very low tan δ while retaining its ε' 
above 104-105 has been challenging. This indicates that CCTO requires additional 
research to find evidence of factors that are affecting the overall dielectric properties of 
CCTO. 
Doping of various cationic substitutions on either A site (Ca and Cu), or B site (Ti), 
and/or on both sites have been studied by many. Some recent studies indicated the 
possibility of doping with Al [1, 41, 42] or Al2O3 [45, 46, 155] to modify the CCTO 
compositions and grain size to enhance the breakdown field. However, some reports 
indicated that low frequency electrical properties of CCTO measured in air at RT can be 
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changed either by moisture [57, 58, 156, 157] or by changing the electrode materials 
being used [21].  
CCTO ceramics are reported to have shown an enhanced humidity sensitivity compared 
with undoped CCTO due to partial substitution of A-site Ca by Mg [157]. While some 
author studies [23, 139] have shown that as-prepared CCTO sample and electrode contact 
impedance was sensitive to oxygen in air atmosphere and hence can affect the stability of 
the electrical properties of CCTO. However, none of the above studies indicated whether 
the dielectric measurements of doped or undoped CCTO were conducted in a controlled 
or moisture free atmospheres. 
It is reported in the recent work [148, 149] as well as in the Chapter 6 and Chapter 7 in 
the current research that that air atmosphere can significantly affect the stability of low 
frequency impedance spectra of pure CCTO ceramics measured at RT (~23°C) despite 
the sample microstructure or surface conditions (as-prepared and thinned down). As we 
reported in the Chapter 6 and 7 of the current dissertation and earlier [148, 149, 158] that 
a relatively stable and repeatable low temperature impedance data are obtained in dry N2 
atmosphere presumably due to elimination of moisture and/or volatile ions from the 
sample present in the ambient air.  
To reliably use the CCTO materials as capacitors, its atmosphere dependent dielectric 
properties require careful study and elimination for reliable performance. However, to the 
best of our knowledge, electrical properties of pure and doped CCTO ceramics have not 
been systematically investigated in various testing atmospheres as a function of 
frequency and temperatures.  
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In the light of these shortcomings, the electrical properties of Al2O3 doped CCTO 
ceramics are investigated in the current study by exposing them to moisture/air free 
testing environments to identify the conditions in which low loss CCTO can be achieved. 
The alumina doping is expected to reduce conductivity thereby decreasing dielectric loss 
while maintaining large ε'. This will be possible either by adjusting the defects or 
changing the concentration of the commonly observed charge carriers in CCTO such as 
Ti4+/Ti3+, Cu2+/Cu1+, oxygen vacancies, free electrons, and accumulation of ions (such as 
H+ and OH-) due to moisture [73, 150, 151]. These approaches are expected to provide a 
better understanding of the important roles of surrounding atmosphere and doping on the 
stability of electrical response of pure and doped CCTO ceramics useful for capacitor 
application. 
The results from this chapter suggest that dielectric properties of CCTO are sensitive to 
microstructure, doping, and testing atmospheres. A decreased dielectric loss was seen 
when alumina doped samples were measured in dry N2 due to large increase of the GB 
resistance as well as partly due to elimination of conductive charge carriers at GBs. 
8.2 Experimental Procedure 
As explained in the experimental procedure in the Chapter 4 of this report, phase pure 
CCTO powder was synthesized by solid-state reaction to achieve stoichiometric ratio 
(1:3:4:12) using precursors of CaCO3 (VWR, 99.95%), CuO (VWR, 99.7%), and TiO2 
(Sigma-Aldrich, Anatase 99.8%) and calcined at the temperature of 850°C for 6 h in air. 
To incorporates Al2O3 into the finely ground calcined CCTO powders, appropriate 
amounts of aluminum nitrate (Al(NO3)3.9H2O) (Sigma-Aldrich, 99.997%) as per 
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0.5wt.%, and 4wt.% Al2O3 were added to a suspension of calcined pure CCTO powders 
and mixed in ethanol. Aluminum-nitrate-added CCTO precursors were mixed in ball 
milled for 24 h in ethanol. Dried precursor powder was then calcined for 6 h at 850°C 
followed by ball milling for 72 h in ethanol media into fine powders.   
Average particle size for all the calcined powders was analyzed using Malvern Zetasizer 
Ver. 7.11 instruments. Calcined and sieved CCTO powders were mixed with 0.5 weight 
% PVB (polyvinyl butadiene) binder in ethanol and were uniaxially pressed at 165 MPa 
into 13 mm diameter and ~2.3 mm thick green pellets. De-binding of the pressed pellets 
was performed at 500°C for 2 h followed by pre-sintering at 950°C for 5 h and then 
sintering at different temperatures from 1080°C (S1080) to 1100°C (S1100) for 5 h. 
Densities of the sintered pellets were determined using Archimedes method.  
X-ray diffraction (XRD, Bruker AXS D8 Discover) with Cu-Kα radiation was carried out 
to confirm the phases present and structural variations in the precursor powders and 
sintered ceramics. Morphology of precursor powders and the microstructure of sintered 
samples were examined at RT by Field Emission Scanning Electron Microscope (FE-
SEM, Hitachi S-4800) and optical microscopy. The average grain size was determined by 
the linear intercept method using ImageJ software. Energy Dispersive Spectroscopy 
(EDS, Oxford INCA Energy 300) was used to identify the type of elements as well as the 
quantitative chemical analysis of the sintered CCTO samples.  
As explained in the experimental procedure in Chapter 4 of this report, impedance was 
measured at three heating/cooling cycles between 23°C and 225°C for samples placed 
between two platinum foils first in air and then in dry N2 atmospheres, respectively. For 
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electrical impedance measurements, platinum electrodes were applied on the opposing 
surfaces of as-sintered pellets and were thermally cured at 600°C for 2 h to burn off the 
solvent/binder. Before applying the platinum paints, CCTO samples were carefully 
cleaned by ultra-sonicating in acetone.  
Real and imaginary parts of the complex impedance Z* (Z*=Z'-jZ", where, j=√-1 and Z' 
and Z", are real and imaginary parts) were measured by two-probe method (using two 
platinum leads attached to two platinum thin foils) in the frequency range from 1 Hz to 4 
MHz and 100 mV AC signal by an impedance analyzer (Solartron 1260A) and dielectric 
interface (Solartron 1296). Impedance was measured at three heating/cooling cycles 
between 23°C and 225°C for samples placed between two platinum foils first in air and 
then in dry N2 atmospheres. The temperature was measured by a thermocouple mounted 
close to the sample placed inside a tube (fused silica) furnace. 
Before impedance measurements in N2 atmosphere were carried out, the samples (pure 
and alumina doped) were thermally cleaned by heating them up to 400°C in dry N2 and 
evacuating the chamber for 30 minutes. Complex impedance of the leads/instrument 
impedance (with no sample) was separately measured and was subtracted from the data 
before interpretation. More details of the experimental procedures [144, 145] and 
characterization [148, 149, 158] can be found elsewhere in these references and Chapter 
4 and Chapter 5 of this report.  
Table 8.1 show the description of the sample thickness, diameter, density, sample surface 
conditions, and testing atmosphere/temperature for the and as-prepared CCTO/x Al2O3 
(x=0, 0.5, 4wt.%) samples prepared for ac impedance analysis in the current chapter. 
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Table 8.1. Description of the Al2O3 incorporated CCTO samples used for the analysis of 
electrical properties.  
Description 
S1100 S1080 
Wt.% of Al2O3 0.5 4 0.5 4 
Diameter (mm) 11.44 11.33 11.34 11.01 
Thickness (mm) 2.33 2.33 2.32 2.19 
Density (g/cc) 4.474 4.547 4.523 4.611 
% Relative density 89% 90 90 91 
Average grain size (μm) 6.08 ± 0.31 6.45 ± 0.08 6.86 ± 0.15 7.94 ± 0.48 
Surface conditions As prepared 
Testing temperatures 23°C to 225°C 
Testing atmosphere In air and N2 
8.3 Results and Discussion 
8.3.1 Analysis of Phase Evolution, Microstructure, and Chemical Composition 
The average particle size of the calcined and sieved powders was measured as 500 nm 
[144, 145]. Similar particle size range (250-500 nm) was observed in SEM micrographs 
as well [144, 145]. The XRD scans indicated in Figure 8.1 (a) and (b) are for the phase 
compositions of two chosen pure and Al2O3 doped (0.5wt.% and 4wt.%) CCTO ceramics. 
In the current work, XRD pattern in the Figure 8.1 was indexed as per the two references 
[1, 45]. 
Apparently, no secondary phases are detected in the pure CCTO samples (S1080 and 
S1100). As indicated in each Figure 8.1 (a) and (b), a clear separation of secondary 
reflections from phases like TiO2 and CuAl2O3 were seen mostly closer to the major 
CCTO reflections (211) and (220) in both the alumina doped samples S1080 and S1100. 
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S1100 shows stronger secondary peaks such as TiO2 when increasing the alumina doping 
up to 4wt.%. As can be seen in Figure 8.1 (b), S1100 with 4wt.% Al2O3 indicates the 
presence of CaTiO3 peak as well. 
 
Figure 8.1. XRD patterns of CCTO pure and (0.5wt.% and 4wt.%) Al2O3 doped 
CCTO ceramics sintered at (a) 1080°C and (b) 1100°C for 5 h. 
However, mutually exclusive explanations regarding the solid solubility of Al2O3 in 
CCTO (either for the formation of secondary phases or substitution of cations) is reported 
in earlier studies. According to the first report on Al-added CCTO by authors [41], if the 
Al2O3 doping level is very low (~0.5-1wt.%) Al3+ can substitute Ti sites leading to no Al-
containing phase. However, authors [45] reported no secondary phases in the 4wt.% 
Al2O3 in CCTO. They [45] observed the presence of CuAl2O4 with more than 8wt.% 
Al2O3 while TiO2 and CaTiO3 phases were seen with Al2O3 6wt.%-20wt.% in CCTO. 
Some authors [1] also reported the presence of minor phases of spinel CuAl2O4 and rutile 
TiO2 when CCTO is doped with increased Al2O3 (6-10wt.%).  
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As reported by many for CCTO, when CCTO is sintered at ≥1000°C, liquid copper rich 
phase with low melting point can act as a sintering aid [18, 35, 147]. Copper rich phase is 
finally oxidized to composition of CuO upon cooling from sintering temperature [18, 
147]. The liquid copper oxide  CuO is shown to be mostly segregated at GBs while some 
of the CuO is reduced to Cu2O at high sintering temperatures. These CuO/Cu2O can react 
with Al2O3 in-situ to produce CuAl2O4 during sintering [1]. In the current work, no CuO 
phase is seen in either pure or Al2O3 doped CCTO ceramics. Its content might be too 
small to be detected by XRD. However, secondary phases such as TiO2 and CuAl2O3 
were seen even with 0.5wt.% Al2O3 in CCTO indicating the incorporation of Al2O3 into 
CCTO lattice. Therefore, the effect of grain size distribution as a function of alumina 
content in the CCTO is also further studied. As indicated by SEM in Figure 8.2 (a) and 
(b), respectively, CCTO with 4wt.% alumina showed a reduction of the grain size with a 
wide grain size distribution compared with the pure S1100.  
 
Figure 8.2. Fractured surface SEM micrographs of S1100 (a) pure and (b) 4 wt. % Al2O3 
doped CCTO samples. 
Optical micrographs in Figure 8.3 and Figure 8.4 are from the polished surfaces of 
various alumina doped samples S1080 and S1100. Pure S1100 and S1080 showed 
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average grain size of ~7 μm and ~5 μm, respectively, as reported elsewhere [148, 149]. 
Alumina doped S1080 with 0.5wt.% and 4wt.% show average grain size of ~6.9 μm and 
~8 μm, respectively, indicating an increased grain size for the sample with largest 
alumina content (4wt.%). The average grain size of alumina doped S1100 in Figure 8.4 
(a) and (b) estimated as ~6.1 μm (0.5wt.% Al2O3) and ~6.5 μm (4wt.% Al2O3), 
respectively, indicating a relatively closer average grain size for both doping levels. 
 
Figure 8.3. Optical micrograph of (a) 0.5wt.% and (b) 4wt.% Al2O3 doped CCTO 
samples S1080 (sintered at 1080°C for 5 h). 
 
Figure 8.4. Optical micrograph of (a) 0.5wt. % and (b) 4wt. % Al2O3 doped CCTO 
samples S1100 (sintered at 1100°C for 5 h). 
145 
 
SEM micrographs of the polished surfaces of undoped sample S1080 is shown in Figure 
8.5 (a) while Figures 8.5 (b) and (c) show the two magnifications of Al2O3 doped (4wt.%) 
CCTO. As indicated in Figures 8.5 (a), the undoped sample S1080 exhibits a duplex 
microstructure consisting of large sized grains (10-20 µm) with islands of small sized 
grains (1-2 µm).  
As can be seen in Figure 8.5 (b) and its magnified image in Figure 8.5 (c), when the 
CCTO is doped with 4wt.% Al2O3, grain size is increased, and its duplex nature is 
minimized. At the same time, grain size becomes relatively uniform.  
 
Figure 8.5. SEM micrographs of CCTO sample S1080 (prepared at 1080°C for 5 h) (a) 
undoped, (b) 4wt.% alumina doped, and (c) is the magnified region indicated in (b). 
In order to determine the distribution of elements and the compositions in the inter-grain 
and intra-grain, EDS of pure and Al2O3 doped (4wt.%) S1080 was carried out.  
Table 8.2 shows the analysis of distribution of all the elements from various locations 
shown in Figures 5 (a) for undoped S1080. Stoichiometric ratio of Ca:Cu:Ti:O, which is 
1:3:4:12 indicates no compositional variations in intra-grain and inter-grain of undoped 
S1080.  
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Table 8.2. Distributions of all the elements of CCTO at different locations shown in 
Figure 5 (a). 
Element 1 2 3 4 5 6 
Ca 5.2 5 4.7 5.2 5.2 5.4 
Cu 14.9 14.6 12.7 15.2 15.3 15.6 
Ti 21.2 20.1 17.4 21.6 21.4 22.3 
O 58.6 60.3 65.2 57.9 57.9 56.6 
Ca:Cu:Ti:O 1:3:4:11 1:3:4:12 1:3:4:14 1:3:4:11 1:3:4:11 1:3:4:10 
EDS area mapping of Figure 8.5 (c) is also measured, and the results are shown in Figure 
8.6. Table 8.3 shows the results of EDS analysis of Figure 8.5 (c) and Figure 8.6. As can 
be seen in Table 8.3, inhomogeneous distribution of Al is seen in both inter-grain and 
intra-grains regions of Figure 8.5 (c). As indicated by arrow marks in Figure 8.6, the 
presence of Al in both Ca and Ti sites indicates that Al is co-doped and reacted with 
CCTO lattice. Furthermore, EDS elemental mapping in Figure 8.6 further confirm that 
Ca, Cu, and Ti are randomly distributed but the Al has more inhomogeneous distribution. 
Nevertheless, second phase CaTiO3 is not observed in the XRD results for S1080. This 
might be due to lower elemental detectability by XRD.  
As reported by [78], although Cu-rich phase in CCTO can promote the grain growth 
during sintering process, CuO particles gradually dissolve in the lattice during the long-
time sintering at high temperatures (such as 1060°C for 6 h). This might be the case for 
observing relatively small variations of the Cu at some of the regions after doping with 
Al3+ in the EDS area mapping in the current experiments. Oxygen ratio in the alumina 
doped CCTO is also higher than the stoichiometric value of 12. This further confirms that 
alumina incorporated into CCTO ceramics is not uniformly distributed.  
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Authors [1] noted the presence of secondary phase of CuAl2O4 as an important factor to 
control the liquid phase sintering process in CCTO ceramics. In the current experiments, 
CuAl2O4 phase is commonly observed in all the alumina doped samples indicating that 
liquid CuO/Cu2O has been consumed to produce CuAl2O4 which is consistent with the 
reported behavior of alumina doped CCTO [1].  
 
Figure 8.6. Element mapping of the 4wt.% alumina doped CCTO sample S1080 
(prepared at 1080°C for 5 h) shown in magnified SEM image of Figure 8.5 (c). 
Table 8.3. Distributions of all the elements of CCTO at different location points shown in 
Figure 8.5 (c) and area element mapping of Figure 8.6. 
Element 1 2 3 Map 
Ca 3.8 3.4 3.4 4.5 
Cu 9.8 9.3 8 14 
Ti 14.8 13.6 10.8 19.2 
Al 18.4 11 1.5 2.9 
O 53.1 62.6 54.7 59.4 
Ca:Cu:Ti:Al:O   1:3:4:5:14 1:3:4:3:18 2:5:7:1:16 2:5:7:1:20 
Sintered samples were further studied by measuring the relative densities of alumina 
doped CCTO in the current experiments. We did not observe large variations of the 
sintered density in alumina doped CCTO. Density of the pure S1080 and S1100, 
respectively are 4.579 ± 0.048 g/cc (91%) and 4.439 ± 0.05 g/cc (90%). The density of 
alumina doped S1080 samples with 0.5wt.% and 4wt.% Al2O3, respectively are 4.519 ± 
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0.024 g/cm3 (90%) and 4.598 ± 0.013 g/cc (91%). While the density of alumina doped 
S1100 samples with 0.5wt.% and 4wt.% Al2O3, respectively are 4.452 ± 0.033 g/cc 
(88%) and 4.481 ± 0.037 g/cc (89%).  
8.3.2 Complex Impedance Spectroscopy  
Images in Figure 8.7 show the impedance spectra of S1080 CCTO/xAl2O3 (x=0, 0.5, and 
4 wt.%) measured at 23°C in air and dry N2 atmospheres, respectively. The different 
curves in Figure 8.7 represent the repeated complex impedance (Z*) measurements on 
the same samples while heating and cooling in air and N2 atmospheres. It is noteworthy to 
mention that even with the same electrode material (platinum) used, the total impedance 
measured at 23°C in air were considerably different and unstable despite the Al2O3 
doping. However, the total impedance observed (at low frequency) for all the samples at 
23°C in N2 is larger and highly stable when compared with the impedance of the same 
sample measured in air atmosphere. 
Furthermore, the high frequency arcs are indicated in the insets in Figure 8.7 for all the 
samples measured at 23°C. High frequency data are coincident with each other despite 
their testing atmosphere suggesting the negligible impedance change in the bulk of the 
CCTO in both atmospheres. Therefore, it is suggested that atmosphere has a definite role 
controlling the impedance spectra at low frequencies at 23°C. Impedance spectra of pure 
and alumina doped CCTO samples (S1100 and S1080) were further studied at high 
temperatures in both air and dry N2 atmospheres. Repeatable impedance spectra 
measurements were observed (not shown here) at high temperatures (≥58°C), irrespective 
of the measuring atmosphere or alumina doping.  
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Figure 8.7. Impedance spectra of the same CCTO samples S1080 (a) pure and Al2O3 
doped CCTO with (b) 0.5wt.% and (c) 4wt.% measured repeatedly in air and dry N2 
atmospheres at 23°C. 
Physically adsorbed moisture can change the low frequency impedance of CCTO as 
reported earlier [156, 157]. Therefore, in the present work, the reason for producing 
reproducible impedance spectra in dry N2 can therefore be partly attributed to the 
removal of physically adsorbed moisture in air due to the thermal treatment of samples to 
evacuate out the water vapor at 400°C. Above observations further indicates that a stable 
low frequency impedance measured in dry N2 seems to be associated with the elimination 
of mobile ion species due to moisture or air exposure on CCTO GBs, sample surface, on 
defects, etc. of all the samples.  
Figure 8.8 shows a comparison of the impedance spectra of S1080 CCTO/xAl2O3 (x=0, 
0.5, and 4 wt.%) measured at 23°C and 89°C, respectively in dry N2. Fully or partially 
resolved semicircular arcs were seen for all the samples at high temperatures ≥ 58°C with 
no indication of arc/spike related to sample-electrode contact impedance despite alumina 
doping or measuring atmosphere. In addition, no electrode sample-contact impedance 
was observed throughout the measuring temperatures from 23°C to 225°C (not shown 
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here) suggesting a negligible effect from a possible blocking layer at the sample/electrode 
interface. This fact implies that the samples studied contain a large number of highly 
resistive layers presumably at GBs controlling the overall electrical behavior of all these 
samples. 
As shown in Figure 8.8 (a) and (b), large arcs indicate large intercepts on the real axis 
(Z') at low frequencies for all the alumina doped samples than the pure CCTO measured 
at the same temperature. High frequency arcs of each samples as indicated in the insets of 
Figure 8 show a gradual increase of the intercepts on the real axis when alumina doping 
is increased. Therefore, these results suggest that alumina doping increased both the intra-
grain and grain boundary resistances for sample S1080.  
 
Figure 8.8. Cole-Cole plots of the pure and alumina doped CCTO sample S1080 
measured at (a) 23°C and (b) 89°C in dry N2. 
To clearly see the effect of relaxation peaks, frequency and temperature dependent 
imaginary part (Z") of S1080 (measured in dry N2) is separately shown in Figure 8.9. A 
151 
 
dominant presence of single relaxation response can be seen for all the samples despite 
the Al2O3 doping. Peak value of the Z" (at which ωRC=1) represents the maximum in the 
Cole-Cole diagram, which is shifted to high frequencies with increasing temperatures and 
to lower frequencies with increasing alumina content. The same behavior was observed 
for all the same samples measured in air atmosphere (not shown here). This indicates that 
electrical responses of CCTO are thermally activated irrespective of the measuring 
atmosphere or Al2O3 doping.  
 
Figure 8.9. Frequency and temperature dependent of imaginary (Z") part of the complex 
impedance of S1080 of (a) pure and Al2O3 doped CCTO with (b) 0.5wt.% and (c) 4wt.% 
measured in dry N2. 
In the absence of sample-electrode contact effects, the heterogeneous electrical structure 
of CCTO ceramics can be described by an equivalent circuit consisting of two parallel 
RC circuits connected in series to represent the resistances and capacitances of grain 
(RgCg) and GBs (RgbCgb), respectively. Since the single arc is observed in the measured 
frequency range, Rg can be estimated from a nonzero intercept on the Z' axis at high 
frequencies while total resistance (Rg+Rgb) is implied by the intercept on the real axis at 
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low frequencies. The capacitance (C) can be determined by the maximum of each arc at 
which ωτ=1 and τ=RC where, τ is the relaxation time and ω=2πfmax is the angular 
frequency and fmax is the peak frequency [50]. Table 8.4 shows the results of equivalent 
circuit analysis carried out for the pure and two Al2O3 doped CCTO samples (S1080 and 
S1100) measured in N2. 
As seen in Table 8.4, Rgb and total resistivity values of S1100 are increased by two 
orders of magnitude when increasing the alumina content from 0 to 4wt%. Rgb of 
alumina doped S1080 increased by an order of magnitude compared to the pure S1080. 
These results indicate the formation of more resistive GBs in all the samples with 
alumina incorporated into CCTO. Grain resistance (Rg) is also increased due to alumina 
doping in both S1080 (30 Ω for undoped and 92 Ω for 4wt.% Al2O3) and S1100 (22 Ω for 
undoped and 120 Ω for 4wt.% Al2O3) when they were measured at 23°C in N2. Increased 
values of both Rg and Rgb are consistent with the reported behavior for alumina doped 
CCTO [41, 42, 46].   
According to IBLC mechanism, highly resistive GBs and semi-conducting GBs are 
known to form due to the limited re-oxidation of grains and oxidized GBs in pure CCTO 
during sintering in air at high temperatures [8, 9]. Therefore, both grain and GB 
resistivity values are different due to equilibrium concentration of oxygen vacancies, 
which are formed during sintering. Upon cooling, insulating GBs are re-oxidized faster 
than that of semiconducting grain interiors leading to the formation of barrier layer effect 
in CCTO ceramics. The mechanism of conduction in stoichiometric CCTO is attributed 
to the hopping of the charge carriers (electrons) between the Ti4+ and Ti3+ or Cu2+ and 
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Cu1+ [73, 150, 151]. Some studies proposed that conductivity mechanism in CCTO is 
mainly due to n-type electron hopping between Ti3+ and Ti4+ [80].  
Behaving as acceptors, if a lower-valent cation Al3+ (radius=0.535 Å) substitutes a cation 
Ti4+ (radius=0.605 Å), it can provide positive holes. These holes are able to recombine 
with the free electrons in the n-type semiconducting CCTO grains increasing the 
resistance Rg [1, 45]. Behaving as donors, if Al3+ substitutes the Ca2+ (radius=1.00 Å) or 
Cu2+ (radius=0.730 Å) sites, it can possible to provide extra free electrons in CCTO 
grains, which in turn can increase the negative charge carriers in CCTO grains leading to 
decreased Rg [1, 45]. However, in the current experiments, alumina doping has increased 
the Rg indicating that Al3+ seems to occupy in Ti sites mostly in CCTO grains decreasing 
the charge carrier concentration (electrons) in alumina doped samples (S1080 and 
S1100). Therefore, Rg found to increase in alumina doped samples compared with the 
undoped CCTO can be attributed to the removal of conduction of free electrons in 
semiconducting grains. 
On the other hand, it is shown in the literature that more insulating CuAl2O4 is segregated 
preferably at GBs leading to higher GB resistance as well [47, 48]. Therefore, much 
larger Rgb values in alumina doped CCTO in the current experiments can be related to 
much resistive secondary phases at GBs (highly resistive GBs). EDS analysis showed 
that CuAl2O4 in the inter-grain regions might be the reason for large Rgb values in both 
the alumina doped S1080 and S1100 in the current experiments.  
Increasing the measuring temperature has decreased the total resistance of all the samples 
despite the alumna doping indicating thermal activated charge carriers in CCTO. Another 
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essential aspect to consider is an increased Cgb when alumina content is increased in 
S1080. On the contrary, S1100 show progressively decreasing Cgb as the alumina 
addition is increased. Much larger Cgb in alumina doped S1080 than that of S1100 
indicates that the alumina doped S1080 has smaller Rgb compared with the alumina 
doped S1100. This is because Cgb was estimated by peak values of the Cole-Cole 
diagrams at which Cgb=1/(ωRgb) and Rgb is smaller for S1080. It seems that combined 
effect of both microstructure and secondary phases has led to the observed changes in the 
Rgb, Cgb, and Rg. 
Table 8.4: Comparison of the equivalent circuit analysis of the pure and Al2O3 
incorporated CCTO samples S1100 and S1080 measured in dry N2.  
 
Temperature dependent DC resistance (Rg and Rgb) and dc resistivity increases as the 
alumina concentration in CCTO is increased [41]. These authors [41] observed pure 
CCTO with grain activation energy of 0.05 eV was unchanged upon increasing the 
alumina doping. However, they [41] observed that GB activation energy was increased 
155 
 
from 0.52 eV (pure) to 0.65 eV (0.5wt.% ) when increasing the alumina doping content. 
This trend is true in the current experiments as well.  
In the current experiments, the fitted values of Rgb and Rg (for both S1080 and S1100) 
are plotted as a function of temperature.  
A linear relationship could be seen despite the alumina doping in CCTO. DC resistance 
of grains and GBs of the pure and alumina doped S1080 and S1100 are plotted against 
temperature in Figure 8.10, which clearly indicate that increasing the alumina content 
increases the activation energy of GBs (Egb) (~0.62 eV for pure and 0.76-0.78 eV for 
4wt.% Al2O3).  
However, activation energy for intra-grains (Eg) is only slightly changed for alumina-
doped samples (0.08-0.16 eV for 4wt.% Al2O3) compared to the undoped (0.12-0.13 eV).   
 
Figure 8.10. DC resistances of grain boundary and grain as a function of temperature 
measured in N2 for pure and alumina doped CCTO (a) S1100 and (b) S1080. 
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8.3.3 Dielectric Properties 
In order to gain more information of the effect of atmosphere, dielectric constant, ε' (real 
part of the complex relative permittivity, ε*= ε'-jε"), dielectric loss factor, ε" (imaginary 
part of ε*), and loss tangent (ratio of ε"/ε') were further studied for samples exposed to 
different atmosphere as described below. Figure 8.11 and Figure 8.12 represent the ε' for 
samples S1080 CCTO/xAl2O3 (x=0, 0.5, and 4 wt.%) measured in air and dry N2 at 23°C 
and at 89°C, respectively. 
Irreproducible behaviors of ε' observed at frequencies from 1 Hz to below ~1 MHz in air 
atmosphere at low temperatures (23°C) is seen for all the samples despite the alumina 
doping. However, unstable ε' are eliminated for all the samples by changing the 
measuring atmosphere from air to N2. Furthermore, as can be seen in Figure 8.12, 
insignificant changes in ε' are seen when the measuring temperature is increased (89°C) 
despite the atmosphere. These results further confirm that CCTO can produce the 
repeatable ε' irrespective of the atmosphere (air or N2), doping, provided that the 
measuring temperature is above 23°C or the measurements are done in controlled 
atmosphere.   
As can be seen in Figure 8.11(a)-(b) and Figure 8.12(a)-(b), a relatively frequency 
independent and slightly decreased ε' is seen in both the pure and 0.5wt.% Al2O3 doped 
sample S1080 tested in N2 over the frequency from 100 Hz to 1 MHz for both the 
samples in dry N2. Conversely, as indicated in Figure 8.11(c) and Figure 8.12(c), an 
abnormally large increase of ε' is observed at low frequencies when the doping level is 
increased from 0.5wt.% to 4wt.% for S1080 especially in N2 atmosphere.  
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Figure 8.11. Frequency dispersion of the dielectric constant (ε′) of the CCTO samples 
S1080 (a) pure, (b) 0.5wt.%, and (c) 4wt.% Al2O3 measured at 23°C in air and dry N2. 
 
Figure 8.12. Frequency dispersion of the dielectric constant (ε′) of the CCTO samples 
S1080 (a) pure, (b) 0.5wt.%, and (c) 4wt.% Al2O3 measured at 89°C in air and dry N2. 
As reported earlier by several groups, Al2O3 doped CCTO samples show a decreased ε' 
when increasing the alumina content. Authors [41] observed a slightly reduced ε' for the 
Al2O3-doped CCTO (at 10 kHz ε' were 58000, 41000, and 27000 for the pure, 0.5wt.%, 
and 1wt.% Al2O3, respectively). This is true in the current experiments where, S1080 
showed a decreased ε' when increasing the alumina content (at ~10 kHz ε' were 9567 ± 2, 
7138 ± 0, and 6735 ± 1 for the pure, 0.5wt.%, and 4wt.% Al2O3 in CCTO, respectively).  
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In contrast, alumina doping in CCTO can also result in an increased or decreased ε'. 
Authors [42] reported varied values of ε' at 1 kHz for Al2O3 doped CCTO such as pure, 
1wt.%, 3wt.%, and for 5wt.%, respectively as 12050, 16000, 12710, and 28600. This 
behavior is true in the current experiments for S1080 when the frequency is low (between 
1 Hz and ~1 kHz). In the current experiments, ε' at 400 Hz are 9738 ± 6, 7360 ± 1, and 
7599 ± 2 for the pure, 0.5wt.%, and 4wt.% Al2O3 in CCTO, respectively when measured 
in dry N2.  
Therefore, behavior of ε' was further studied as a function of temperature to find more 
clues for large ε' only in S1080 with 0.5wt.% Al2O3. Frequency dependency of ε' in 
S1080 (pure and alumina doped) measured in dry N2 from 23°C to 197°C are shown in 
Figure 8.13. As noted in Figure 8.13, effective ε' at step 2 is larger than that at step 1 
(high frequency) despite the alumina content in each S1080. Step like decrease at low 
frequencies is shifted to higher frequencies when increasing temperatures for pure and 
alumina doped CCTO. 
Relatively temperature and frequency-independent two plateau regions (step 1 and step 2) 
of ε' with two reduction steps is seen only in pure and 0.5wt.% Al2O3 doped S1080. A 
wide two plateaus (from 1 Hz to 1 MHz) indicates a relatively stable and consistent ε' 
over a large range of frequencies when measured in N2 only for pure and alumina doped 
CCTO with 0.5wt.% alumina. However, step 2 (at low frequency) is becoming highly 
temperature and frequency dependent for sample S1080 with 4wt.% alumina. Step 2 is 
only observed at higher temperatures for all the samples despite the alumina doping as 
can be seen in Figures 8.13 (a), (b), and (c). 
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In the current experiments, the sharp decrease of ε′ at high frequencies (>1 MHz) is most 
probably due to relaxation of dipoles related to CCTO grains. At higher frequency 
molecular orientation time is reduced and hence polarization cannot follow the externally 
applied field. The reported behavior of high frequency relaxations of CCTO ceramics is 
attributed to the defect induced relaxation via ordering of electrons and oxygen vacancies 
on mixed valence Ti3+/Ti4+ and Cu1+/Cu2+ [73, 150, 151]. Upon increasing the 
temperature from 23°C to 197°C, no noticeable shift of the high frequency relaxation is 
observed for S1080 despite the Al2O3 doping. 
On the other hand, the plateau and another step like increase of ε' at low frequencies is 
usually attributed to space charge effect at GBs, which arise due to complex polar 
ordering of space charges and the hopping of electronic defects between them [9, 133]. 
Since the response time of the charge motion involved in the space charge accumulation 
is higher, they are typically observed at low frequencies [142]. Therefore, the differences 
in two steps of S1080 (step 1 and step 2) in Figure 8.13 can be attributed to the presence 
of space charge polarization at GBs at low frequencies.  
According to IBLC mechanism, the grains act like electrodes of micro-capacitors 
connected in series and GBs play the role of the dielectric in between. Within this 
framework studies indicated that effective ε' of CCTO is directly proportional to the Cgb 
at frequencies much lower than the dielectric relaxation frequency [97].  Therefore, 
observed changes in ε' in the current experiments can be related to fitted values of Cgb.  
A large value of Cgb as large as~5-9 nF was observed in S1080 with 4wt.% alumina  
compared with the same with the 0.5wt.% alumina (~3 nF) and undoped (~4 nF) CCTO 
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samples. Therefore, large effective ε' in the 4wt.% alumina doped S1080 sample at low 
frequencies can be attributed to its large Cgb. Therefore, our results appear to be agreeing 
with the barrier layer capacitor model relations explained by the reference [97]. 
 
Figure 8.13. Dietetic constant (ε') of the CCTO sample S1080 (a) pure, (b) 0.5wt.%. and 
(c) 4wt.% alumina measured in dry N2. 
The alkaline cations on A-sites of perovskite-type oxides (ABO3) ceramics are sensitive 
to humidity and partial substitution of A site elements can enhance the humidity 
sensitivity [159, 160]. This enhancement was attributed to a strong electronic interaction 
between the adsorbed species and the oxides surface [159, 160]. Some studies have also 
reported earlier that humidity sensitivity of CCTO microstructure can be enhanced due to 
Mg+2 doping onto Ca sites such that a second phase CaTiO3 is formed. Alternatively, 
CaTiO3 is reported [161] as an excellent humidity sensitive material. However, even after 
evacuating the system at 500°C chemically absorbed moisture (OH-) is difficult to 
eliminate completely [126] as reported earlier for ceramic oxides. Therefore, chemically 
adsorbed moisture (OH−) could still exist in CCTO samples of the current study. 
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Therefore, another hypothesis to explain the difference in ε' observed in S1080 can be the 
modified moisture sensitivity and defects at GBs. In the current experiments, EDS 
analysis and XRD show strong evidence of random occupation of Al3+ on both the Ca 
and Ti sites in CCTO and changes in the concentration of oxygen vacancies (Vos) in both 
inter and intra grains due the presence of Al3+ in CCTO lattice. As reported for other 
perovskite-type titanates (PZT) by other authors [162] that donor doping did not 
completely suppress the formation of Vos but rather accumulated near GB regions. They 
[162] also noted that co-doping by acceptors and donors in PZT can change 
conductivities due to changes in concentration of Vos when keeping the net dopant 
concentration constant [162]. It is also known that doubly charged Vos actually serve as 
active absorbing centers for water absorption [163]. Another report [163]also indicated 
that when Ti sites are replaced by acceptors, the resulting electrostatic field of the defects 
can dissociate the absorbed H2O leading to the formation of OH− groups and serve as 
active centers for chemisorption of water molecules.  
These observations indicate the possibility of increased accumulation of charge at GBs 
due to Al2O3 doping and moisture absorption in CCTO. This might be the case for highly 
Al2O3 doped (4wt.%) CCTO as can be seen in Figure 8.13 (c) hence a large low 
frequency ε'. Secondary charge at GBs seem to be highly volatile even at low 
temperatures as can be seen in the large spread in ε' in Figure 8.13 (c) for S1080 with 
4wt.% Al2O3 compared with other two samples (pure and 0.5wt.% Al2O3 doped S1080).  
Therefore, an unstable ε' in air can be attributed to space charge polarization at GBs due 
to accumulation of more charge carriers at GBs. When CCTO samples were exposed to 
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air, accumulation of ions such as H+ and OH- (or some dissolved ions in the moisture) 
can happen in addition to native point defects in CCTO. Therefore, space charge 
polarizability at GBs can be varied depending on the concentration of defects in the 
CCTO structure [75, 81]. Accumulation of these charges at the highly resistive GBs can 
give rise to a large Cgb leading to large effective ε' in all the samples measured in air 
atmosphere.  
When changing the measuring atmosphere from air to N2, the large dispersion of the 
dielectric loss factor, ε′′ (imaginary part of complex relative permittivity, ε*= ε'-jε") is 
suppressed and became stable as shown in Figure 8.14. Despite the measuring 
atmosphere or alumina doping, the ε′′ shows large value at both low and high 
frequencies. Since the loss factor is unstable when measured in air atmosphere, the 
shapes of the ε′′ measured in dry N2 as a function of frequencies and temperatures (from 
23°C to 225°C) were further studied  to understand the conduction and dielectric 
relaxation mechanisms due to the presence of alumina in CCTO ceramics.  
 
Figure 8.14. Frequency dispersion of the dielectric loss factor (ε′′) of the CCTO samples 
S1080 (a) pure, (b) 0.5wt.%, and (c) 4wt.% Al2O3 measured at 23°C in air and dry N2. 
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Figure 8.15 (a), (b), and (c) show ε′′ measured in N2 for pure and alumina doped CCTO 
S1080 at different temperatures. A sharp increase of ε′′ at low frequencies (toward 1 Hz) 
followed by a peak maximum around ~1 MHz with a minimum at ~ 10 kHz is seen for all 
the samples despite the doping. These observations further confirmed the strong dielectric 
dispersion at low frequencies followed by merged peaks at high frequencies by 
impedance analysis (see Figure 8.9).  
Dipole relaxation process is identified by the peak of the imaginary part (ε") and step like 
decrease in the real part (ε') of the complex dielectric function when increasing the 
frequency. Therefore, the presence of high frequency loss peak (>1 MHz) can be 
attributed to relaxation of dipoles due to mobile charge carriers that do not involve long 
range motion that are related to the bulk CCTO [50]. On the contrary, presence of dc 
conductive losses (ohmic) and space charge relaxation at low frequencies can be 
identified by the slope in ε", which is greater than negative one (>-1) [142]. 
Therefore, a slope of ε" (toward 1 Hz) and orders of magnitudes large ε′′ than ε′ toward 
low frequencies in the current study further confirm the presence of dc conduction and 
space charge relaxation in CCTO despite the doping and measuring atmosphere. As 
shown in the Figure 8.15 (a) a steep slope is seen for the pure S1080, which is decreasing 
when alumina doping is increased. At low frequencies toward 1 Hz, a slope changes in ε" 
are smaller for S1080 with 4wt.% alumina compared with pure and 0.5wt.% alumina. 
This indicates that conduction losses are reduced at low frequencies due to the presence 
of highly resistive GBs in Al2O3 doped CCTO. Conduction losses in all the samples on 
164 
 
the other hand indicates the existence of non-blocking (i.e. ohmic) sample-electrode 
contact and partially blocking GBs. 
 
Figure 8.15. Dietetic loss factor (ε") of the CCTO sample S1080 (a) pure, (b) 0.5wt.% 
and (c) 4wt.% alumina measured in dry N2. 
Dielectric loss tangent, tan δ (ratio of ε"/ε'), values of the different CCTO/Al2O3 samples 
S1080 are presented in Figure 8.16. Increased mobile charge carriers due to humidity can 
increase the electrical conductivity leading to increased tan δ in air atmosphere [159, 
160]. As can be seen in Figure 16, a reduced tan δ in dry N2 for all the samples can be 
attributed to the removal of moisture and mobile ions due to humidity that are enhancing 
the large conductivity and space charge polarization at GBs.  
A large increase of tan δ is observed even in dry N2 can be seen at very low and at high 
frequencies for all the CCTO/Al2O3 samples despite the doping. Therefore, tan δ of the 
current CCTO samples is the total energy loss due to the dielectric relaxation process 
(space charge and dipole relaxation) and ohmic conduction [11]. Similar trend was seen 
in Al2O3 doped S1100 (not shown here). 
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Figure 8.16. Frequency dispersion of tan δ of the same CCTO sample S1080 (a) pure, (b) 
0.5wt.%, and (c) 4wt.% Al2O3 measured at 23°C in air and dry N2. 
Suppression of tan δ over the low frequency range (<100 Hz) in the alumina-doped 
sample indicates the reduction of the degree of charge carrier movements that are 
contributing to conduction losses. In order to clearly observe the reduction of dielectric 
loss at much lower frequencies due to alumina doping, Figure 8.17 (a) and (b) show a 
comparison of tan δ of CCTO S1080 measured at 23°C and 89°C, respectively in dry N2. 
As seen in Figure 8.16, tan δ is significantly decreased over the entire frequency range 
<10 kHz for all the samples.  
The smaller low frequency tan δ are seen for aluminum doped samples even at high 
temperature (89°C). However, tan δ is still large for all the samples at 89°C despite the 
doping indicating conduction losses due to thermal activation of charge carriers across 
GBs. A large increase of tan δ is seen at frequencies higher than >10 kHz for the sample 
S1080. At much higher frequencies > 105 Hz the samples show increased tan δ indicating 
dipole relaxation losses.  
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Figure 8.17. tan δ of the pure and alumina doped CCTO sample S1080 measured at (a) 
23°C and (b) 89°C in dry N2. 
Some studies [42] reported minimum tan δ value as 0.070 for alumina doped CCTO 
(0.5wt.% Al2O3) at 100 Hz-10 kHz with ε' of 12710. Other authors [155] reported much 
lower tan δ as low as 0.038 (with ε' of 20000) at low frequency range by Al2O3 doping. 
While another work [41] reported the lowest value of tan δ for alumina doped CCTO of 
0.034 (0.5wt.% Al2O3) at 10 kHz with ε' of 41000. 
By comparison, tan δ values in the current work highlighted that the alumina doped 
(0.5wt.%) S1080 show tan δ of 0.031-0.033 in the range of frequencies 40 Hz-4 kHz with 
large value of ε' (~11000-12000). These tan δ values are smaller than the reported values 
(0.034) [41] indicating the enhanced tan δ in the current CCTO samples. Undoped CCTO 
sample S1100 in the current work shows tan δ as small as 0.043-0.061 in a wide range of 
frequencies from 40 Hz to 40 kHz (with ε' of ~8400-9200). It is important to notice in the 
current experiments that tan δ are lower than 0.5 at 23°C at the frequency range of < 10 
MHz for all the samples S1080 and S1100 (pure and Al2O3 doped).  
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In the current experiments, minimum values of tan δ of CCTO/Al2O3 (S1080 and S1100) 
samples measured in dry N2 are shown in Table 8.5. Lower tan δ values of 0.021 and 
0.020 for S1080 and S1100, respectively, can be seen with relatively large ε' of 8,815-
11,090 at much lower frequencies (500-800 Hz). For the best of our knowledge the 
minimum tan δ values in the current experiments are lower than the lowest reported 
values for alumina doped CCTO (500-800 Hz) measured at RT. Table 8.5 also indicates 
that ε' is decreased when increasing the alumina content up to 4wt% at the minima values 
of tan δ for both S1080 and S1100.  However, S1080 with 4wt.% Al2O3 shows a large ε' 
toward low frequencies (1 Hz) much lower than the frequency related to the minima (~1 
kHz).  
Table 8.5. Minimum values of dielectric loss and its corresponding ε', ε'', and frequencies 
measured at 23°C in N2 atmosphere for pure and alumina doped (0.5-4wt%) CCTO 
samples (S1080 and S1100).  
 
These observations justify the fact that the addition of alumina doping can produce a 
more resistive GBs, which resulted in a low dielectric loss at low frequencies.  
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CHAPTER IX 
 
 
CONCLUSIONS  
 
 
This dissertation performed fundamental research focused on the synthesis, 
characterization, and electrical properties of phase pure and Al2O3 doped CaCu3Ti4O12 
(CCTO) dielectric materials as a function of testing atmosphere (air and dry N2), sample 
thickness, and temperatures. We hope new approach of characterizing CCTO ceramics 
and findings described below could be used as guidelines for future investigations on 
pure and doped CCTO to be useful in capacitor application.  
9.1 CCTO Powder Processing and Sintering 
Phase pure CCTO powders were synthesized at relatively low calcination temperatures 
(850°C for 6 h). In this study, phase purity, microstructures, and densities of CCTO. 
samples namely S1060 (sintered at 1060°C for 5 h), S1070 (sintered at 1070°C for 5 h), 
S1080 (sintered at 1080°C for 5 h), S1100 (sintered at 1100°C for 5 h), and S1115 
(sintered at 1115°C for 5 h) were studied.  
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Duplex nature of the microstructure with a wide grain size distribution (1-20 μm) was 
observed in samples sintered at low sintering temperatures (<1100°C). The duplex nature 
of grains was relatively minimized at very high sintering temperature of 1115°C. Largest 
average grain size was seen in S1100 (~7 μm) and S1115 (~8 μm).  
Sample S1060 shows the maximum value of relative density at 4.735 ± 0.065 g/cm3 (94% 
of the theoretical density - 5.049 g/cm3). Samples sintered at high temperatures, S1100 
and S1115 showed a value of 4.439 ± 0.050 g/cm3 and 4.585 ± 0.019 g/cm3, respectively 
Density of the sample sintered at 1070°C for 5 h was 4.669 ± 0.042 g/cm3 (92%), which 
was within the density variation observed for sample sintered at 1060°C. The lowest 
density was observed for sample sintered at 1050°C for 5h, which is 4.326 ± 0.028 g/cm3 
(86%).  
9.2 Effect of Measuring Atmosphere and Temperature  
This study investigated the effect of testing atmospheres on the dielectric properties of 
two CCTO samples namely S1070 (sintered at 1070°C for 5h) and S1100 (sintered at 
1100°C for 5h). Impedance spectra were measured from 23°C to 225°C and analyzed 
while exposing the samples to both air and dry N2 atmospheres. The following 
conclusions can be drawn from this study. 
• The sample S1070 showed larger impedance than that of S1100 because of the 
large number of resistive GBs (smaller grains) suggesting that significant 
variations in impedance of CCTO can be realized by changing the microstructure. 
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• Highly irreproducible impedance spectra were observed when samples were 
tested in ambient air at 23°C despite the changes in the microstructure of the 
samples. Switching the measuring atmosphere from ambient air to dry N2 lead to 
reproducible impedance spectra for all the measuring temperatures.  
• Frequency dependent impedance data could be fitted with only contributions from 
grain and grain boundaries. There was no evidence of electrode-sample interface 
contribution to the impedance. Impedance analysis showed that the impedance 
and capacitance of grain boundaries (GBs) were very sensitive to measuring 
atmosphere at low temperatures (23-58°C).   
• Unusually large dielectric constant observed in air atmosphere at lower 
frequencies was suppressed substantially when samples were tested in dry N2. A 
small relaxation still existed below 100 Hz even in dry N2, which was attributed 
to chemically absorbed moisture that might still be present in the samples.  
• At higher measuring temperatures beyond 58°C, the effect of atmosphere on 
dielectric constant and loss tangent was reduced for both the samples. 
• Dielectric loss was also greatly reduced by switching the testing atmosphere from 
air to dry N2 at lower measuring temperatures (23-58°C). The lowest tan δ for the 
sample S1070 and S1100, respectively, were 0.015 ± 0.001 (at ε' of 8,841 ± 3 and 
4 kHz) and 0.014 ± 0.000 (at ε' of 12,935 and 2.2 kHz) when exposed to dry N2 at 
23°C.  
Our results suggest that the large discrepancy and variations of dielectric properties in the 
reported literature for CCTO materials cannot be solely due to its sensitivity to 
processing conditions but also due to its large sensitivity to testing atmosphere. 
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Therefore, to simplify the understanding of the dielectric behavior of CCTO for capacitor 
applications, sample preparation conditions as well as sample storing and measuring 
atmospheres need to be carefully controlled.  
9.3 Thickness Dependent Dielectric Properties 
CCTO phase pure calcined powders were prepared at 850°C for 6 h and sintered at 
1080°C for 5 h using a simple solid-state reaction in air. Dense ceramics (91%) with a 
duplex microstructure were obtained with the average grain size of ~5 µm. The presence 
of relatively stoichiometric grains and grain boundaries (GBs) of the as-prepared surface 
while slightly reduced oxygen in the sample interior were confirmed by EDS. Slight 
reduction in oxygen may be due to the existence of oxygen vacancies in the sample 
interior during sintering at high temperature. Electrical properties of as-prepared and 
thinned samples (prepared by layer by layer removal and by fine grinding) until 29-35% 
of the initials thickness were studied by measuring the complex impedance from 23°C to 
225°C while exposing the samples to air and dry N2 atmospheres.  
No sample electrode contacts or surface barrier layers were observed. An extremely high 
low-frequency high dielectric constant due to space charge polarization at GBs was 
suppressed by changing the measuring atmosphere from air to dry N2. Impedance 
measured in controlled dry N2 atmosphere showed that the thickness dependence of 
dielectric property was largely affected by GBs, microstructure and defects. Results 
indicated that GBs were sensitive to the surrounding atmosphere and therefore, electrical 
properties of GBs can be modified due to adsorbed moisture/air as further concluded 
from the following. 
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• An irreproducible low frequency impedance measured at 23°C in air was 
eliminated when the same samples were measured in N2 despite the thickness 
variations. Subsequent measurements in N2 showed no significant changes to the 
dielectric properties indicating the stability of measurements. 
• Stable total impedance when exposed to N2 atmosphere indicated the role of 
air/moisture on dielectric properties at 23°C in CCTO sample despite the 
thickness variations.  
• A decreased dielectric loss at frequencies <1 MHz was seen upon changing the 
measuring atmosphere from air to N2 despite their thickness variations.  
• Impedance and dielectric measurements in dry N2 showed that barrier layer 
capacitance was associated with GBs, which were dominating the electrical 
properties of CCTO. 
• Relatively closer values of resistivity, dielectric constant, and loss tangent at low 
and high frequencies in dry N2 as a function of sample thickness suggested 
negligible changes to electrical properties were not related to sample surface layer 
affect. 
•  Improved minimum tan δ values were obtained for as prepared sample, which 
was 0.010 ± 0.001 at ε′ of 9,663 ± 4 and 1.4 kHz. While the thinned down sample 
showed slightly larger minimum value of 0.015 ± 0.000 at ε′ of 9,352 ± 5 and 4.5 
kHz.  
We believe that this research provided comprehensive guidance to eliminate 
irreproducible dielectric properties measured at low frequencies in CCTO and dielectric 
loss data measured in ambient to further develop CCTO for future capacitor applications.  
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9.4 Effect of Alumina Doping 
Pure and alumina doped CCTO/xAl2O3 (x=0, 0.5, and 4 wt.%) ceramic powders were 
synthesized by solid-state method at relatively low calcination temperatures of 850°C for 
6 h. Dense pure and doped samples with the major phase of CaCu3Ti4O12 and containing 
minor secondary phases of CaTiO3, CuAl2O4, and CaTiO3 were obtained by 
incorporating 0.5-4wt.% alumina and sintering at 1080°C (S1080) and 1100°C (S1100) 
for 5 h. The average grain size of CCTO ceramics increased from 5 μm (pure CCTO) to 8 
μm (4wt% Al2O3) when increasing the alumina content for S1080 while no significant 
change in the average grain size was observed for sample S1100. The effect of processing 
conditions such as sintering temperature, phase purity, grain size, and testing atmosphere 
on the electrical properties of as-prepared pure and alumina doped samples S1080 and 
S1100 were studied by measuring the complex impedance from 23°C to 225°C while 
exposing the samples to air and dry N2 atmospheres. Testing in air lead to irreproducible 
behavior of impedance and dielectric properties at 23°C due to moisture/air effect as 
further summarized next.  
• Complex impedance analysis showed that resistance of grains (Rg) was slightly 
increased by the alumina doping while resistance of grain boundaries (GBs) (Rgb) 
was increased by approximately two orders of magnitude from 13 MΩ (undoped) 
to 170 MΩ (0.5wt.%) and 440 MΩ (4wt.%) for S1100. While Rgb of S1080 
changed by approximately an order of magnitude from 42 MΩ (undoped) to 180 
MΩ (0.5wt.%) and 190 MΩ (4wt.%) for doped samples.  
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• Grain boundary capacitance GBs of S1100 was decreased progressively form 5 nF 
(undoped) to 2 nF (4wt.%) while for the sample S1080 it increased from 4 nF 
(undoped) to ~5-9 nF (4wt.%).  
• Both samples S1100 and S1080 clearly showed that activation energy of GBs 
(Egb) was increased (~0.6 for pure and 0.8 for 4wt.% Al2O3) when increasing the 
alumina content. However, activation energy of grains (Eg) is only slightly 
changed for alumina-doped samples compared to the undoped samples.  
• Reduction of low frequency ε' and dielectric loss were seen in alumina doped 
samples and the improvement of the dielectric loss was mainly attributed to the 
increase in the DC resistance of the GBs (Rgb).  
• Higher the measuring temperature (>23°C), larger was the dielectric loss and 
smaller was the total impedance for both S1080 and S1100. 
• Loss factor verses frequency showed two sets of losses attributed to dielectric 
relaxation and ohmic conduction. 
• The values of minimum dielectric loss were lower than the reported values for 
alumina doped CCTO due to the moisture/air free atmosphere.  
• The lowest tan δ of 0.010 ± 0.001 with ε' of 9663 ± 4 at 1.4 kHz and 23°C in N2 
was  measured for pure S1080. While the lowest tan δ for the pure S1100 was 
0.014 with ε' of 12935 at 2.2 kHz in N2 at 23°C.  
• Minima values of tan δ 0.021 and 0.020, respectively, for samples S1080 and 
S1100 were measured with relatively large ε' of 8,815-11,090 at 23°C at much 
lower frequencies of 500-800 Hz for 0.5wt.% Al2O3 in CCTO.  
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• Dissipation loss and loss tangent were decreased at low frequencies (<100 Hz) as 
the alumina content was increased from 0.5-4wt.% indicating the possibility to 
develop the alumina doped CCTO materials for practical applications as 
capacitors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
176 
 
 
  
CHAPTER X 
 
 
RESEARCH PUBLICATIONS  
 
 
1) Disna P. Samarakoon and Raj N. Singh, “Influence of Alumina Dopant and 
Environment on the Electrical Properties of Calcium Copper Titanate Ceramics,” 
paper submitted to Journal of  Materials Science and Engineering B (June 27, 2019).  
2)  Disna P. Samarakoon and Raj N. Singh, “Thickness dependent dielectric properties 
of calcium copper titanate ceramics measured in a controlled atmosphere”, Ceramics 
International, 45, 2019 , pp. 16554–16563. 
https://doi.org/10.1016/j.ceramint.2019.05.192. 
3) Disna P. Samarakoon, Nirmal Govindaraju, and Raj N. Singh, “Influence of 
Atmospheres on the Dielectric Properties of Calcium Copper Titanate Ceramics”, 
Journal of the American Ceramic Society, 102, 2019, pp. 5271– 5283. 
https://doi.org/10.1111/jace.16381.  
4) Disna P. Samarakoon, Nirmal Govindaraju, and Raj N. Singh, “Dielectric Properties 
of Calcium Copper Titanate Ceramics Exposed to Air and Dry Nitrogen 
Atmospheres”, Transactions of the Indian Institute of Metals, 2019, 0975-1645 
(online) pp. 1–7, https://doi.org/10.1007/s12666-018-1551-1.  
177 
 
5) Disna P. Samarakoon, Nirmal Govindaraju, and Raj N. Singh, “Effect of Atmosphere 
on Dielectric Properties of Calcium Copper Titanate Ceramics”, paper presented in 
Materials Science & Technology 2018, October 14 –18: Materials Science & 
Technology, Columbus, Ohio, USA.  
6) Disna P. Samarakoon, Nirmal Govindaraju, and Raj N. Singh, “Influence of 
Processing and Microstructure on Dielectric Properties of Calcium Copper Titanate 
Ceramics”, Processing, Properties, and Design of Advanced Ceramics and 
Composites II, Cearmics Transactions, 261, 2017, pp. 237–243. 
7) Disna P. Samarakoon, Nirmal Govindaraju, and Raj N. Singh.  “Calcium Copper 
Titanate Based High Dielectric Constant Materials for Energy Storage Applications,” 
Processing, Properties, and Design of Advanced Ceramics and Composites. 
Cearmics Transactions, 259, 2016, pp. 131–140. 
 
178 
 
CHAPTER XI 
 
 
SUGGESTIONS FOR FUTURE WORK 
 
 
The current research work so far has been focusing on finding out stable measuring 
atmosphere for pure and doped alumina doped CCTO ceramics and validating the results. 
I believe that this research can provide comprehensive guidance to develop CCTO for 
future capacitor applications. However, still more experiments need to be carried out as 
per the following recommendations. It is hoped that these results and future research will 
provide an enhanced understanding of dielectric properties of CCTO for capacitor and in 
energy storage applications.  
• Implementing the current methods and repeating this study on the effect of 
microstructure and other testing atmosphere, such as dry air and pure dry O2 
would deepen the understanding of charge carrier transport mechanisms in 
CCTO. This way, more information will be obtained on the differences in two 
types of dielectric relaxations observed in the current CCTO samples despite the 
testing atmosphere, microstructure, sample thickness, temperature or alumina 
doping. 
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• In order to confirm the barrier layers at GBs and identify the important roles of 
GBs more experiments such as two probe impedance measurements using 
microelectrodes between grains are suggested.  
• Further optimization of the sintering conditions to achieve higher density >95% 
are suggested to study and understand the important effect of measuring 
atmosphere for the pure and doped CCTO ceramics. Thus, it would be very 
interesting to prepare dense CCTO ceramics and study the dielectric properties in 
air as a function of temperature.  
• Inspired by the reduction of the low tan δ and large Rgb by Al2O3 doping in 
CCTO, more doping experiments with various alumina content are suggested to 
be able to see the optimum doping levels for further enhancing dielectric 
properties.  
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